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Years of conflict, political instability, and national emergencies have left behind very 
little information on water resources in Liberia, West Africa. This research leverages major ion 
and trace element analysis, Escherichia coli (E. coli) field tests, and high-throughput sequencing 
of microbial 16S rRNA genes to address these gaps and develop a comprehensive snapshot of 
groundwater quality in the region surrounding Monrovia, the capital city. A novel protocol to 
collect and preserve microbial DNA from groundwater under tropical field conditions lacking a 
constant source of electricity was employed and yielded high quality DNA sequences of bacterial 
and archaeal phylogenetic marker genes. 
Multivariate compositional data analysis methods were used to investigate geochemical 
processes impacting groundwater quality throughout the study area. Low conductivity, low pH 
groundwaters were found to dominate the system with the majority of geochemical variability in 
the water samples attributed to surficial inputs both natural and anthropogenic. The implicated 
low buffering capacity of the groundwater system suggests a high risk associated with mining 
operations in Liberia. From a public health perspective, nitrate contamination, attributed to 
widespread but localized infiltration of human and or animal waste/fertilizer(s), was identified as 
the most important chemical water quality issue. Sulfate was found to be indicative of urban 
water cycling processes. 
Although nitrate, arsenic, and lead concentrations exceeded WHO guidelines in several 
wells, E. coli was identified in 39% of all groundwaters analyzed, suggesting fecal contamination 
as the most significant regional water quality risk to human health. Deeper wells had significantly 
(p < 0.05) lower probability of E. coli contamination, with no E. coli encountered in any well 
greater than 22 meters deep. Sequencing of 16S rRNA genes revealed highly variable microbial 
community compositions. Surficial inputs are suggested as the major drivers of microbial 
diversity and community composition. Groundwaters that tested positive for E. coli in the field 
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were found to have significantly higher estimates of microbial alpha diversity (p < 0.05) than 
groundwaters that tested negative. Additionally, nitrate, silica, pH, and several other geochemical 
constituents were found to be strongly correlated with shifts in microbial community structure. 
The identification of a wide diversity of pathogen-associated bacteria to the genus and 
species level suggests that microbial contamination is more widespread than indicated by the E. 
coli field test alone. Results highlight the vulnerability of aquifers in Liberia to contamination and 
call for an increased investment in the water supply infrastructure and enhanced monitoring of 
chemical and microbial constituents throughout the country. This work will help the government 
of Liberia establish baseline water-quality conditions and provides an initial set of water resource 
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This research focuses on groundwater quality and biogeochemistry in the region 
surrounding the Greater Monrovia District in Liberia, West Africa. Chemical parameters, 
microbial community structure, and indicators of recent fecal contamination are analyzed to 
improve understanding of groundwater quality in the region. This study leverages both traditional 
E. coli-based methods and rapidly evolving high-throughput sequencing technologies to assess 
microbial groundwater quality and to explore the use of microbial 16S rRNA gene sequencing 
from both a hydrogeological and an international Water, Sanitation, and Hygiene (WASH) 
perspective. New insights into processes and controls of biogeochemistry in the study area are 
attained through integration of physicochemical, microbial DNA, and E. coli presence/ absence 
data using compositional data analysis (CoDa) methods, classical statistical techniques and 
geochemical modeling.  
1.1 Project Overview 
Between 1989 and 2003, Liberia suffered two consecutive civil wars that devastated the 
country’s population, economy, and infrastructure. Still in the thrall of destruction, but on the 
slow road to recovery, Liberia was thrust back into a state of emergency in March 2014 when the 
largest known outbreak of the Ebola Virus Disease (EVD) in human history erupted near the 
Liberian-Guinean border. Liberia suffered the greatest loss of life (over 4,800), followed by 
Guinea and Sierra Leone (CDC, 2016). During the crisis, WASH sector objectives shifted from 
long-term policy provisions to rapid impact EVD response activities. Simultaneously, the lack of 
high level WASH services to control the spread of an EVD outbreak highlighted current 
inefficiencies within the WASH sector (GoL, 2015).  
Since being declared Ebola free in May 2015, Liberia is once more in transition from a state 
of emergency response to one of development, and WASH priorities have shifted back toward 
long-term goals. As in many other developing nations, one of the most significant hurdles faced 
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in meeting the population's basic needs is the provision of safe drinking water. In the year 2000, 
United Nations member states signed the Millennium Declaration, which lead to the creation of 
the Millennium Development Goals. Goal 7 (MDG 7c) aimed to reduce by half the proportion of 
the global population without access to improved water sources and basic sanitation between 
1990 and 2015. Although Liberia has made substantial progress towards this goal, significant 
gaps in water provision still persist, particularly within rural populations where 37 % of the 
people lack access to improved drinking-water sources (WHO and UNICEF, 2015).  
At the close of 2015, United Nations member states adopted the 2030 Agenda for Sustainable 
Development, which included a new set of 16 goals, known as the Sustainable Development 
Goals (SDGs). Meeting the ambitious dedicated water goal (SDG 6)—100 % access to safe 
drinking water by 2030--will take tremendous collaborative efforts by both the private and public 
sectors (United Nations, 2015). Groundwater resource development will undoubtedly play a 
critical role in reaching this goal (Conti et al., 2016). 
Groundwater offers great potential as a drinking water resource, particularly in the 
development context. Because of its slower response to changes in rainfall, groundwater may still 
be available when surface-water sources have diminished by the end of a long dry season. This 
may help to buffer longer term drought impacts (Caslow et al., 1997; MacDonald and Davies, 
2000). Groundwater can also be developed at relatively low cost to rural communities close to the 
source of demand and with minimal land area requirements as large surface reservoirs and 
distribution systems are not required. Groundwater quality is often superior to surface water as 
aquifer materials provide natural filtration and can buffer the impacts of anthropogenic 
contamination (MacDonald and Davies, 2000). However, the extent of contamination attenuation 
processes varies widely depending on many factors including depth to water table, lithology, 
transmissivity, borehole design, contamination type/load, and proximity to contamination 
sources. Therefore, groundwater can be susceptible to both anthropogenic and geogenic 
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contamination water-quality monitoring must not be neglected. This research builds water-quality 
monitoring capacity in Liberia through 1) a hydrogeologic study to improve understanding of 
water quality and its major controls in the counties surrounding the greater Monrovia region, and 
2) the generation of centralized databases containing a widely-sourced collection of relevant 
environmental data.  
1.2 The Problem and Study Objective 
Although groundwater is the main source of water for much of the population in Liberia, no 
centralized records of groundwater levels or water quality currently exist (GoL, 2014). To date, 
very little analysis of water samples has been undertaken, and there is no centralized database of 
hydrologic information to inform decisions. Approximately 64 % of the urban population and 
65% of the rural population obtains water from protected hand-dug wells (GoL, 2014). 
Waterborne diseases such as diarrhea and typhoid are some of the most common illnesses 
reported in peri-urban Liberia (Oxfam GB Liberia, 2003). In 2003, a cholera outbreak in 
Monrovia resulted in hundreds of deaths and over 10,000 people fell sick (WHO, 2003; Runkle, 
2012). While the situation has improved since 2003, widespread fecal contamination in Monrovia 
suggest that the risk of another outbreak is high (Runkle, 2012; Uhl et al.,2012). Although a small 
number of reports have highlighted health concerns related to water quality in the urban and peri-
urban areas, there exists little available research that delves deeper than reconnaissance. 
Although groundwater can be buffered from surface contamination and is, therefore, a 
useful resource to improve drinking-water quality throughout Sub-Saharan Africa (MacDonald 
and Davies, 2000), microbial and chemical groundwater contamination have been reported in 
Monrovia (Uhl et al., 2012; Runkle, 2012). High rates of E. coli occurrence along with elevated 
concentrations of nitrate (NO3), arsenic (As) and lead (Pb) have been reported in wells located in 
West Point and suburban Monrovia (GoL, 2015; Uhl et al., 2012). In addition to these reports, 
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mining activities represent a serious threat to water quality in Liberia, where government 
regulatory agencies do not have any baseline data or the means to measure heavy metals in water 
(GoL, 2014).  
This study contributes to the baseline of water-quality data and research in Liberia by 
analyzing water quality in the Greater Monrovia District and surrounding region. The data 
collection, analysis, and resulting databases generated will serve to help the government of 
Liberia improve their water-quality monitoring capacity, assess the current state of water quality, 
and define water-quality standards for the country. In addition, this research provides valuable 
information to groundwater managers as it exposes sources and mechanisms of both geogenic and 
anthropogenic chemical and microbial contamination. Utmost importance has been placed on 
communicating results to Liberian stakeholders. Insights gained into the hydrogeochemical and 
microbial controls, conditions and anthropogenic impacts on groundwater could help to predict 
local water-quality characteristics, inform cost effective groundwater development policy, and 
improve human health (Akiwumi, 1997).  
By leveraging trace element, major ion, high-throughput DNA sequencing, and E. coli based 
fecal indicator bacteria (FIB) data, this study explores the following research questions: 
1. How does the state of water quality in the study area (Greater Monrovia Region) compare 
to both Liberian and WHO water-quality standards and guidelines? 
2. What are the chemical, biological, and physical controls on groundwater characteristics 
in the study area? 
3. What is the relationship between physicochemical parameters/processes and microbial 
diversity in groundwater? 
4. What can be gained from using high-throughput DNA sequencing in water-quality 




The background chapter reviews the current state of knowledge regarding environmental 
resources in Liberia, and specifically the study area. This is followed by an introduction to some 
of the statistical methods and high-throughput 16S rRNA sequencing technologies which are 
relatively new to the field of water quality.  
2.1 Review of Study Area 
To understand the scope and importance of this research, it is necessary to understand the 
state of current research in the study area. Because of Liberia’s virulent political past, little 
literature concerning the country’s water resources is available. Therefore, the historic context 
that led to the current state of knowledge is briefly discussed followed by a review of what is 
known about water resources in Liberia and, specifically, the study area when possible.  
2.1.1 Historic Context  
In December 1989, civil war broke out in Liberia, beginning the first of two consecutive 
civil wars that decimated the country's population and infrastructure. In 2003, at the end of the 
second war, it is estimated that 270,000 Liberians, including civilians, had been killed, and 
another 800,000 displaced (UN, 2007). Roads, power plants, water-supply infrastructure, schools, 
and medical facilities were vandalized and destroyed (Budy, 2015). With 75 % of the country's 
educational infrastructure destroyed or damaged, the educational system disintegrated. Along 
with the destruction of physical resources, it is estimated that up to one million refugees, 
including much of the educated population, fled the country. These combined effects left behind a 
largely uneducated adult population and workforce (UNEP, 2004). 
Very little institutional knowledge, data, published literature, or human-resource capacity 
regarding hydrogeological information remained intact by the end of the destruction. Most of the 
available work dates back to pre-war times (Elster et al., 2014). Current data-collection efforts by 
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various non-governmental organizations (NGOs), government ministries, and private and 
university actors have been accelerating, yet inter-sector coordination and a lack of centralized 
systematic database of records remain significant problems (Elster et al., 2014; GoL, 2014, 2015). 
This research helps bridge this gap. 
2.1.2 Geography and Land Use 
Liberia is located in West Africa between the latitudes of 4 and 8 degrees and covers an 
area of 111,370 km2 (UNEP, 2004) (Figure 1). More than 50 % of the remaining upper Guinean 
tropical forest, a large band of fragmented forest spanning from Guinea south to Cameroon is 
located within Liberia (DAI, 2008). 
 
Figure 1. Map of Liberia and study area 
The study area focuses on groundwater in the coastal area surrounding the Greater 
Monrovia District. The sampling was conducted primarily in Montserrado County, but also 
extended into Bomi, Margibi, Grand Cape Mount, and Bong Counties. The study area spans a 
variety of geological, geographical, and human environments. It falls between latitudes 6° 43’ 
43.84” and 6° 06’ 56.06” N and longitudes 10°05’ 479.90” and 11° 04’ 31.62” W, and covers an 
area of approximately 5,202.8 km2 (Figure 1) 
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Liberia can be divided into four geographical zones, with elevations ranging from sea 
level on the coast to over 1300 m in the northern highlands (Figure 2). From the low-lying coast 
to the mountainous interior, the geographical zones are: coastal plains, rolling hills, plateau and 
table lands, and the northern highlands. 
 
Figure 2. Geography of Liberia (modified from USGS, 2004) 
 The coastal plains follow the entire coastline (579 km) and extends up to 65 km inland 
with a maximum altitude of 50 m. The plains are characterized by coastal and riparian vegetation, 
river deposits, mangrove swamps, and lagoons. Inland of the coastal plains is the rolling hills 
region, characterized by hills, valleys and rivers. The southeastern and southwestern sections of 
the rolling hills zone are covered by tropical rainforests. Due to the favorable climate and 
topography, the rolling hills region hosts the majority of agriculture in Liberia. Further inland, the 
plateau and tablelands zone rises to approximately 300 meters in elevation with mountain peaks 
reaching 610 m and spans 129 km at its widest point (between the Lofa and St. Paul Rivers). The 
greatest elevations in the country are located in the Northern Highlands in Nimba and Lofa 
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Counties (UNEP, 2004). The study area, centered around the Monrovia region, includes the 
coastal plain, the rolling hills, and the plateau/tablelands geographical zones (Figure 2). 
Land use and land cover in the study area is varied, ranging from densely populated 
urban environments to pristine woodlands. According to the Liberia Institute of Statistics and 
Geo-Information Services (LISGIS) (Figure 3), the region of study is classified principally as 
densely populated rural or agricultural areas with small forest presence.  
 
Figure 3. Map of Land use in the study area (modified from LISGIS, 2014) 
Nonetheless, there are significant segments of land classified as littoral ecosystem 
complex, agriculture degraded complex, mixed agriculture forest, agro industrial plantation, open 
dense forest, and closed dense forests (Figure 4) (LISGIS, 2014). Additionally, the study area 
spans a wide spectrum of urbanization, from the densely-populated slums of West Point, to 































































































































Liberia is divided into two climatic regimes. The southernmost counties experience an 
equatorial climate in which rainfall is relatively constant throughout the year, while the rest of the 
country (including the study area) is characterized as a tropical climate regime and is heavily 
affected by the interaction of the West African Monsoon (WAM) and the Inter-Tropical 
Convergence Zone (ITCZ) (Stanturf et al., 2013). Advection of moisture from the Gulf of Guinea 
brings moist air and increased precipitation from the southwest into Liberia with high 
precipitation along the coast dropping off further north and inland (Hadden, 2006). Seasonality is 
significantly affected by the north-south migration of the ITCZ.  
The beginning of the wet season in April-May is generally marked by rainfall and 
thunderstorms as the ITCZ reaches Liberia on its northward migration. Rainfall continues to 
increase through June until July/August when precipitation decreases as the ITCZ approaches its 
maximum latitude, when only the northern extent of the country is affected. This corresponds 
with the drier period known as the “middle dries,” which is most prolonged and pronounced in 
the southern portion of the country, but extends into the study area. When the ITCZ reverses 
course and migrates south, heavy rains resume and commonly persist until November (Hadden, 
2006; Stanturf et al., 2013).The dry season begins in November-December (Stanturf et al., 2013). 
Average annual precipitation in the study area ranges from approximately 2,300 mm in the most 





Figure 5. Climate in study area (left) Average Monthly Precipitation in Study Area 
(http://sdwebx.worldbank.org/climateportal ;World Bank, 2014), (right) Map of yearly annual 
precipitation (modified from WorldClim data (http://www.worldclim.org;Hijmans et al., 
2005)) 
2.1.4 Geology  
The geology of Liberia is dominated by Precambrian basement rock of the West African 
Craton (Schlüter and Trauth, 2006; Dirks et al., 2003). Approximately 90 % of the country is 
underlain by this bedrock which can be divided into three age provinces. The oldest terrain, the 
Liberian Age Province is approximately 2,700 Ma and was formed and altered by both the 
Leonian (3,500-2,900 Ma) and Liberian (2,900-2,500 Ma) orogenic events (Figure 6). The 
Eburnean Age Province (~2,150 Ma) is located in southeastern Liberia and is comprised of 
younger Birimian age rocks formed during the Paleoproterozoic Eburnean Orogeny. The Pan-
African Age province, was metamorphosed and intruded approximately 550 Ma during the Pan-
African Orogeny when Africa’s eastern and western margins were being sutured by Eastern and 
Western Gondwana during the supercontinents formation (Lytwyn et al., 2006). The Pan-African 
and Archean age rocks are separated by the Todi Shear Zone, a series of northwest trending faults 









Figure 6. (a) Geological Age Province of Liberia, (b) Simplified geologic map of Liberia 




Figure 7. Coastal Stratigraphy of Liberia (White, 1969) 
While the majority of Liberia is dominated by Precambrian crystalline basement rock 
geology, Quaternary unconsolidated sediments, also known as Cenozoic coastal plain cover, as 
well as isolated deposits of older Paleozoic sedimentary rock units, occur in the coastal region 
(Schlüter and Trauth, 2006). The study area is unique as it spans several geological terrains, from 
the coastal sedimentary plains to the Pan-African Age Province across the Todi Shear Zone and 
into the Liberian Age Province. The result is a varied lithology of unconsolidated Quaternary 
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sediments, Paleozoic and Cenozoic sedimentary rocks, Pan-African and Liberian Precambrian 
Crystalline basement rock, and Triassic diabase intrusions (Schlüter and Trauth, 2006; Wahl, 
2007; White, 1969). A stratigraphic succession for the sedimentary units within the study area is 
provided in Figure 7 (White, 1969). 
A mix of quaternary fluvial, deltaic, beach, lagoonal, modern beach and marsh deposits 
ranging in thickness form 1-20 meters compose the most widespread sedimentary features in the 
study area (Wahl, 2007; White, 1969). However, the Paynesville sandstone, the Farmington 
River Fm., and the Edina Sandstone are lithified units which rarely occur as outcrops but are 
present study area. An early Jurassic age (192 Ma) intrusive body, the Monrovia Diabase 
crosscuts the Paynesville and underlying the pan African crystalline in the coastal area and is 
composed primarily of calcic plagioclase, clinopyroxene, accessory magnetite, ilmenite, and 
quartz (White, 1969; Wahl, 2007) 
The crystalline rocks within the study area belong to both the Pan-African and Liberian 
Age Provinces and are not formally named in either Liberia or Sierra Leone (Wright et al., 1985). 
They are principally melanocratic, leucocratic, and granitic gneisses. Northeast of the Todi Shear 
Zone in the Liberian Age Province, amphibolite grade granitic and leucocratic gneiss occur. 
These amphibolite and silicate/iron oxide formations were formed when sedimentary sequences 
deposited on the original granitic gneissic sequences were metamorphosed during the Liberian 
orogenic event (~2,700 Ma) (Kromah, 1974 and references therein). The Pan-African portion of 
the study area is primarily composed of both amphibolite and granulite facies melanocratic and 
leucocratic gneiss with no known iron bearing formations (Wahl, 2007; Kromah, 1974).  
2.1.5 Hydrogeology 
Because of the lack of groundwater studies in Liberia, and specifically in the study area, 
much of what is reviewed here is the general understanding of hydrogeology within crystalline 
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basement rock terrain in West Africa. The conceptual model for the hydrogeological framework 
of crystalline basement rocks in Africa has been characterized in a variety of ways (Acworth, 
1987; Wright, 1992; Chilton and Foster, 1995; Taylor and Howard, 2000; MacDonald, 2005).  
Although groundwater occurrence in fresh crystalline rock is generally assumed to be 
negligible because of the low primary porosity of the material, secondary porosity in weathered 
bedrock may be present in the form of fissures, fractures, joints, and cracks (Wright, 1992). Over 
millions of years of tropical weathering and tectonic stability, chemical weathering can outpace 
physical erosion. This can result in a weathering profile that includes highly weathered bedrock 
with substantial secondary porosity and a residual overburden that can support productive aquifer 
development (MacDonald and Davies, 2000; Chilton and Foster, 1995). Although weathered 
crystalline bedrock aquifers may occur on a regional scale, groundwater occurrence is often 
discontinuous because of heterogeneity of structural features, bedrock, and regolith properties 
that control groundwater flow (Wright, 1992). The crystalline hard rock aquifers in West Africa 
and Liberia are commonly divided into bedrock and regolith components. 
The bedrock component may be described as two segments: the variably fractured to 
fresh bedrock and the highly weathered bedrock known as saprock (Wright, 1992), a fissured and 
permeable zone in the bedrock. Since fissures in this zone are generally sub-horizontal and tend 
to decrease with depth, they are believed to result from decompressional weathering 
(Lachassange et al., 2013; Wright, 1992). Sub-vertical fractures tend to occur in zonal 
concentrations, extend to greater depths, and are believed to result from tectonic forces (Wright, 
1992). The fresh bedrock below the fractured saprock is generally impermeable except where 
deep vertical to sub-vertical fractures occur. Although deep fractures can potentially connect a 
shallow aquifer to a deeper groundwater system, their lateral and vertical densities tend to be very 
low. Therefore, the unweathered bedrock is viewed as an aquitard of low permeability and 
storativity (Lachassange et al., 2013; Wright, 1992) . Over geologic time, weathering processes 
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develop a regolith material that may contain both primary and secondary porosity and will 
influence hydrological properties of the aquifer.  
Saprolite generally overlies the heavily fractured bedrock or saprock (Wright, 1992; 
Chilton and Foster, 1995; Acworth, 1987; Lachassange et al., 2013). Saprolite is decomposed 
bedrock that has been chemically weathered in situ over millions of years. The transition from 
saprolite to saprock may be sharp or transitional (Wright, 1992). There are often two saprolite 
zones that can be distinguished in tropical hard rock weathering profiles. The upper saprolite 
zone, alloterite, tends to contain a higher percentage of advanced secondary clay minerals (such 
as kaolinite) than the lower saprolite zone, isalterite. In the alloterite zone, aggressive chemical 
leaching has resulted in volume loss and destruction of much of the original rock’s structural 
fabric. The lower saprolite zone generally contains higher abundances of primary minerals, 
slightly altered forms of secondary clay minerals such as smectites, and retains the original rock 
structure (Lachassange et al., 2013). The division between saprolite zones is thought to result 
from prolonged water-table fluctuations that cause more aggressive weathering in the upper 
vadose zone (Wright, 1992). Where not eroded away, a lateritic tropical latosol overlies the 
saprolite. These top soils generally have very high capacity for infiltration and high permeability. 
Beneath the topsoil, porosity of the weathering profile generally decreases with depth. 
Permeability drops as clay content increases in the upper saprolite. As the clay content decreases 
in the isalterite zone, grain size increases and permeability increases. At the interface between the 
saprolite and the weathered saprock, permeability increases dramatically (Figure 8). For this 
reason, this contact zone is a promising zone for groundwater development (Elster et al., 2014; 
MacDonald, 2005). 
 Elster et al. (2014) used geophysical techniques to confirm that the generalized 
conceptual hydrogeological model discussed above is accurate for Lofa County, Liberia. With 
data from 33 to 55 boreholes in Lofa County, Elster et al. (2014) established an average water 
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level depth of 7.1 meters, saprolite thickness of 7.7 meters, depth to bedrock of 18.2 meters, 
regolith thickness of 13.5 meters, and a fractured bedrock/saprock thickness of 4.8 meters. Their 
results suggest a thinner regolith in this area than in the majority of Sub-Saharan Africa, where 
the regolith is estimated to be 20-30 meters thick (Elster et al., 2014; MacDonald, 2005). Elster et 
al. (2014) attributed the thinner regolith to high precipitation and fluvial and colluvial erosion 
rates. 
 
Figure 8. Generalized hydrogeologic framework for crystalline basement aquifers in West 
Africa. Modified from Elster et al. (2014) 
Macdonald et al. (2012) used a geological base map, high resolution rainfall data, 
available borehole data and published literature to model depth to groundwater throughout Africa. 
Results indicated an average water-table depth of 7-25 meters throughout Liberia. MacDonald 
also estimated total groundwater storage in Liberia to be 86 km3. 
A 1978 groundwater report by the Planning Group for Water Supply Systems in Liberia 
(PWL) documented eight water production wells at Buchanan, Liberia drilled deep (81-151 m) 
into grey gneiss. The success of these wells further supports conformance with the general 
hydrogeological framework in the country, indicating significant water production, and high 
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permeability/transmissivity generated from the fissured Precambrian gneiss crystalline rock 
(PWL, 1978). Large seasonal fluctuations of groundwater levels from 0-16 meters in depth have 
been observed approximately 100 km northwest of Monrovia in Cape Mount County in an area 
underlain by Liberian Age Province geology. In the same location, a perched water-table zone 
was also observed to occur at 0-5 meters depth (Golder Associates, 2012).  
Several well types exist in Liberia and are typical of groundwater development in the 
crystalline basement rock of West Africa. Large diameter, hand-dug wells that exploit a 
superficial unconfined aquifer occurring in the saprolite and laterite of the regolith are the most 
common well type in rural Liberia (PWL, 1978). Deeper wells are also drilled and sometimes 
hand dug that target the fractured zone/saprock and exploit both water from the bedrock/saprolite 
interface and overlying saprolite material. Because aquifers tapped by these wells can range from 
unconfined to confined depending on clay content present in laterite and upper saprolite, the term 
semi-confined is often most appropriate (Elster et al., 2014). The deepest of wells in Liberia are 
typically drilled with air percussion and extend into the crystalline basement rock and target 
fracture and fissure flow. In the coastal sedimentary basins, groundwater may be exploited from 
an aquifer of both unconsolidated sediments and consolidated sedimentary rocks. Although little 
exploratory work or literature is available, the sedimentary basins along the coast offer the bet 
possibility of establishing an aquifer on a regional scale (PWL, 1978). 
2.1.6 Hydrochemistry and Water Quality in Liberia 
The Ministry of Health and Social Welfare (MoHSW) is the government agency 
mandated to assess drinking water quality in Liberia. Although it has a centralized laboratory to 
monitor and coordinate water quality activities across 15 counties, keeping the lab stocked with 
reagents and supplies remains a significant challenge. Coordination at the county level and a 
centralized system of water quality records remain largely absent (GoL, 2014). 
19 
 
Available published geochemical and microbial groundwater studies in Liberia are 
limited, and therefore, the controls of water quality in the study area are virtually unknown. 
Nonetheless, a few recent studies confined to the Monrovia region have provided insight into 
some of the chemical and microbial constituents present in the groundwater. In 2011, the World 
Bank funded a study to better understand the chemical and bacteriological state of water quality 
in this region. Water samples from 204 points were analyzed for bacteriological and chemical 
content. The results showed widespread fecal contamination: 57 % of all points tested positive for 
the presence of E. coli, thus indicating recent fecal contamination and 100 % of unprotected 
hand-dug wells, 75 % of water kiosks, 67 % of tap-water samples, 52 % of protected hand-dug 
wells and 44 % of drilled protected wells tested positive for E. coli (Uhl et. al, 2011). These 
results highlighted the problem of microbial contamination in the Monrovia region. The results 
suggest that groundwater contamination can be attributed to the use of shallow groundwater, 
which is particularly susceptible to contamination from latrines, septic tanks, and open defecation 
(Uhl et al., 2012; GoL, 2014). 
The World Bank study also determined concentrations of various chemical parameters of 
health concern, but did not perform further geochemical analyses of the waters (Uhl et al., 2012; 
GoL, 2014). While the chemical characteristics proved to be generally superior to the microbial 
quality of drinking water, NO3-N (nitrate reported as nitrogen) concentrations in excess of 9 
mg/L, the Liberian Class 1 Water Quality Standard for NO3 in potable waters, were encountered 
in approximately 20 % of all samples. Although no As concentrations were found to exceed 50 
parts per billion (ppb), the Liberian standard for potable water, three samples had As in excess of 
the WHO guideline value (WHO GV), 10 ppb. Approximately 69 % of the samples had Pb 
concentrations greater than the WHO GV, 10 ppb. However, the majority of Pb concentrations 
fell between 11 and 20 ppb, just above the WHO GV. The highest Pb value was reported as 54 
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ppb. Chromium (Cr) and fluoride (F) did not exceed Liberian or WHO threshold values (GoL, 
2014; Uhl et al., 2012; Gorchev and Ozolins, 1984).  
Runkle (2012) analyzed groundwater collected in January, 2011 from 25 wells, 8 in West 
Point and 17 in suburban Monrovia for NO3/ nitrite (NO2), total coliform and E. coli. 
Anthropogenic microbial and NO3-/NO2
- contamination was observed in numerous wells, 
indicating both toxic levels of nitrogen and a significant risk of a cholera outbreak. Wells located 
in West Point had significantly higher (p < 0.05) NO3 and NO2 concentrations than those in 
suburban Monrovia (Runkle, 2012). In West Point, 75 % of the wells tested positive for fecal 
coliform compared to 29 % in Suburban Monrovia. Runkle et al., (2012) identified absence of 
nearby latrines and sandy soil type as the most significant predictors of NO3, while the absence 
of nearby latrine and a shallow well depth (< 3 m) were the most significant predictors of NO2. 
Wells without a cover were found to be 17 times more like to have E. coli present than wells with 
a well cover, making well cover the most significant predictor of E. coli contamination (Runkle, 
2012). 
2.2 Review of 16S rRNA Gene Sequencing and CoDa techniques 
This study employs compositional data analysis techniques and high-throughput DNA 
sequencing in conjunction with standard E. coli presence absence tests and traditional 
geochemical tools. The advancement of 16S ribosomal RNA sequencing technologies has created 
a paradigm shift in microbiology and holds great promise to improve water-quality monitoring. 
Evolving compositional data analysis(CoDa) methods offer more accurate and consistent ways to 
statistically investigate hydrochemical data than classical techniques which ignore compositional 
nature of the data. As both tools are new to the field of water quality, a brief review of the 
theoretical background and relevant applications of these methods and techniques is warranted.  
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2.2.1 Multivariate Statistics and Compositional Data (CoDa) Analysis in Water Quality 
Multivariate techniques such as principal component analysis (PCA) and hierarchical 
cluster analysis (HCA) are common dimension reduction and classification techniques that have 
been used to extract hydrological phenomena from complex systems such as aquifer boundaries, 
groundwater flow paths, and hydrochemical components (Thyne et al., 2004). Nonetheless, 
multivariate statistical procedures are often used inappropriately, and in a manner, that violates 
inherent assumptions of the technique. A variety of CoDa tools and methods are now available to 
properly treat environmental/geochemical data. Therefore, this section will first briefly describe 
the fundamentals of several common multivariate techniques, their use in various African water-
quality studies, and then lay the foundation to understand CoDa. 
The goal of PCA is to reduce the number of variables within a data set to just a few, 
while minimizing the loss of explained variance (Jollife, 1986). Principal components (PCs) are 
linear combinations of input variables. The first principal component (PC1) is the linear 
combination of input variables that explains maximum variance in the data set. Principal 
component 2 (PC2) is orthogonal to PC1 and explains the maximum variance of the residual data. 
Subsequent PCs explain exponentially less variance. In this way, multivariate data can be 
projected into a new coordinate system defined by the PCs (e.g. PC1 vs PC2), where hidden 
multivariate data structures may be revealed in lower dimensions. 
HCA is a classification scheme that can be used to group observations (Q-mode) or 
variable (R-mode). In Q-mode HCA, a linkage algorithm iteratively groups samples based on 
their degree of similarity generally according to their Euclidean distance matrix (Equation 1). 
Guler et al. (2002) found Ward’s linkage method performed on a Euclidean distance matrix 
produced the most distinct clustering in which all members within each group share more 
similarity with cluster members then they do to any other sample assigned to another cluster.  
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𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑥,𝑦) = √∑(𝑥𝑗 − 𝑦𝑗)
2
 (1) 
Although these multivariate techniques have become common in hydrogeochemical 
studies, their use in groundwater studies in West Africa remains more limited. Using multivariate 
statistics, Apambire (2000) identified major controls of fluoride concentrations and geological 
controls of water quality in the Upper East Region of Ghana. Factor analysis (FA) helped identify 
silicate weathering and accessory mineral dissolution as the primary controls of groundwater 
quality in the Keta Basin, and Northern Voltaian in Ghana, while HCA was used to cluster and 
define groundwater quality groups with better irrigation potential (Yidana et al., 2008, 2012). In 
Benin, Silliman et al. (2007) used a combination of multivariate and spatial analysis techniques to 
explore regional trends in groundwater chemistry with respect to space, time and geology. 
Gastineau (2015), combined HCA, PCA, spatial analysis and geochemical modeling to explore 
controlling factors of groundwater quality in the West Mamprusi region of Ghana.  
 It has become increasingly recognized, that like many types of environmental data, 
hydrogeochemical data are intrinsically compositional. Compositional data are defined by two 
main factors: 1) they are strictly positive and 2) they are constrained by a constant sum defined by 
the unit of measurement (ppm, ppb, mg/kg, etc.). Compositional data essentially represent 
percentages, which only truly carry relative information (Filzmoser et al., 2009; Buccianti and 
Pawlowsky-Glahn, 2005). Consequently, compositional data reside in a unique sample space 
known as the simplex (SD), which does not adhere to the rules of Euclidean geometry for which 
standard statistical techniques are designed (Equation 2). 




In the simplex, data points are non-independent of each other: an increase in one requires 
a decrease in another. This is in direct violation of many statistical techniques that require 
independence and an absence of interaction between data points (Aebischer et al., 1993). Non-
compositional data, on the other hand, contain absolute information, which can be interpreted 
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independently (e.g., temperature, depth) and do obey the principals of Euclidean geometry. It has 
been demonstrated that the use of standard statistical techniques and common log transformations 
and standardization procedures on compositional data is wrong, and can lead to spurious 
correlations and misleading results (Reimann et al., 2017), and cause common multivariate 
techniques like PCA to lose meaning (Otero, 2005). 
The phenomena of spurious correlation was clearly described by a binary composition 
example (Engle and Rowan, 2013). In the example, soil samples are measured as the mass 
proportion of < 2mm and ≥ 2mm diameter fractions of soil. Because of the constant sum 
constraint, the two components would have a perfect, but completely spurious, negative 
correlation: as one abundance goes up, the other must decline by the same percentage. Engle and 
Rowan (2014) demonstrated how the use of classical statistics on water-quality data can cause 
misleading results. Dissolved solids were analyzed for 17 dilute groundwaters and correlation 
coefficients between parameters were calculated (Figure 9). Evaporation was then simulated by 
mathematically removing quantities of water while treating chemical parameters conservatively. 
No chemical constituents were altered. Correlation coefficients were recalculated, and found to be 
completely different, clearly demonstrating the non-independence of the of the data points and 
compositional nature of hydrochemical data (Engle and Rowan, 2014). Although it is commonly 
ignored, the compositional behavior of hydrochemical data has consequences for nearly all 





Figure 9. Correlation matrix from of chemical data from groundwater samples in Maryland. 
Correlation between samples in original data is shown in the upper triangle, correlation 
between samples after water removal (simulated evaporation) is shown in the bottom left 
(Figure from Engle and Rowan (2013)) 
Although the problems associated with spurious correlation were noted by Karl Pearson 
in 1897, it was not until almost 100 years later that the log ratio transformation approach, a 
mathematically sound method to treat compositional data, was proposed (Atchison, 1986). The 
family of log ratio transformations is used to transform compositional data from the simplex into 
real space where Euclidean geometry applies. The most commonly used log ratio transformations 
are the additive log ratio (alr), center log ratio (clr), and isometric log ratio (ilr) (Equations 3,4, 
and 5). The alr transformation is the most straight forward. It is performed by selecting a 
component to sacrifice (the jth part). The rest of the data set (D-1) is then simply divided by this 
component and log transformed. Disadvantages of this method are that the choice of divisor 
variable can affect results, and it has been shown to produce coordinates with respect to an 
oblique basis, thereby deforming distances between original observations (Mateu-Figueras et al., 
2011; Engle and Rowan, 2014; Palarea-Albaladejo and Antoni Martin-Fernandez, 2015). 

















The clr transformation offers an alternative by taking the logarithm of each variable divided by 
the geometric mean calculated from all (D) compositional parts of the observation (equation y). 
The clr transformation is generally preferred over the alr transformation as it sacrifices no 
variables, while neither producing distortion nor subjectivity in choice of divisor. However, its 
main disadvantage is that it results in a singular covariance matrix, which limits the use of various 
multivariate statistics, particularly robust permutations (Reimann et al., 2008).  













The ilr transformation (Egozcue et al., 2003) overcomes the singularity covariance matrix 
limitation while producing desired geometric properties (Reimann et al., 2008) (Equation 5). The 
ilr transformation defines a new set of coordinates in D-1 space, with respect to an orthonomal 
basis. Although no variables are sacrificed, new ilr transformed variable relationships back to the 
original parameters can be difficult to interpret. Therefore, robust multivariate techniques such as 
PCA can be performed on the ilr transformed data and then back transformed to clr results to aid 
interpretation (Filzmoser et al., 2012). 
𝑖𝑙𝑟(𝑥𝑖) = √
𝐷 − 𝑖







, 𝑖 = 1, … , 𝐷 − 1 (5) 
These transformations comprise the foundation of many new CoDa techniques. In 
addition to accounting for the compositional nature of the data, it is essential to assess the 
sensitivity of PCA and HCA. Both a classical variance matrix (which is being maximized by PCs) 
and the classical covariance matrix (which is being decomposed) are sensitive to anomalous 
values that will pull principal components (eigenvectors) away from the main body of data. It has 
been demonstrated that PCA results can be significantly shifted by the presence of a single outlier 
value (Xu et al., 2012; Cand`es et al., 2009; Huber, 1981). Nonetheless, outliers are commonly 
ignored, typically for three reasons 1) lack of statistical expertise, 2) preconceived or anticipated 
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results are often not achieved when outlier and extreme values have been removed or down-
weighted, and 3) limited computational power (Reimann et al., 2002). By searching for the most 
compact ellipse containing the main body of multivariate data, the minimum covariance 
determinant (MCD) estimator offers a robust method to calculate covariance structure and 
elegantly treat outliers (Reimann et al., 2008). 
By combining robust and CoDa methods, statistical analysis, which does not violate 
assumptions and accurately reflects trends within the data, may be conducted. CoDa methods are 
increasingly being used for a wide variety of applications from geology to the food industry. 
Nonetheless, its use in hydrochemical studies is limited to several key studies, a few of which are 
briefly discussed.  
Otero et al. (2005) compared classical and CoDa techniques applied to water- quality data 
from Llobregat River in Spain (Otero et al., 2005). Using CoDa techniques, Otero et al. (2005) 
were able to extract equilibrium equations controlling water chemistry that were not revealed 
through classical analysis. Buccianti and Pawlowsky-Glahn( 2005) applied a variety of CoDa 
principals to multivariate techniques to extract geochemical signatures and anthropogenic 
processes from hydrochemical data from groundwater samples from Vulcano Island in Italy. 
Engle (2011) used robust PCA and HCA on ilr transformed water-quality data from produced 
coalbed methane waters to identify processes controlling water chemistry. Engle and Rowan, 
(2013) compared CoDa and classical techniques to interpret Na-Cl-Br systematics in brine fluids 
and concluded that the classical approach was subject to misinterpretation due to spurious 
correlations. Engle and Rowan, (2014) used log-ratio (CoDa) to determine major process 




2.2.2 High-Throughput Sequencing of 16S rRNA Genes and Water Quality  
Traditionally, culture-based techniques have been used to monitor microbial water 
quality. As it has been impractical and costly to detect and quantify the wide range of known 
pathogens, it has become common practice to use FIB to evaluate health risk associated with fecal 
contamination of water supplies. FIB such as E. coli have been used to assess microbial water 
quality around the world for decades principally because of their ubiquity in fecal material and 
limited ability to survive in the natural environment. Although the use of FIB in water-quality 
monitoring has undeniably improved public health, there are significant limitations to their use as 
health risk proxies. Numerous studies suggest that E. coli may multiply under natural, warm-
water (tropical) conditions (Solo-Gabriele et al., 2000; Desmarais et al., 2002; Byappanahalli and 
Fujioka, 1998). Additionally, E. coli has been shown to exist in a viable but non culturable state 
(VBNC), where they are dormant but still virulent and will elude detection by cultivation-based 
techniques (Ramamurthy et al., 2014). Pathogens such as Salmonella spp., Cryptosporidium, and 
Giardia spp., human enteroviruses, adenoviruses, and coliphages are more persistent in natural 
waters than many commonly used FIB and thus, can be present even when FIBs are not detected 
(Tran et al., 2015).  
For years, microbial investigations have been constrained to the small minority of 
cultivable bacterial taxa. Even with advanced lab techniques that have allowed the cultivation of 
new organisms, the vast majority of microbes remain unculturable (Tan et al., 2015). 
Additionally, many culturable pathogenic strains have been demonstrated to exist in the VBNC 
state (Ramamurthy et al., 2014). Therefore, our ability to accurately monitor microbial water 
quality has remained limited. Of the 833 outbreaks associated with drinking water between 1976-
2006 in the USA alone, the etiological agent was identified for 44.6% (348) of the cases (Craun et 
al., 2010). New and rapidly advancing culture-independent molecular techniques that target 
microbial DNA are allowing for unprecedented advances in microbiology. 
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The 16S ribosomal RNA (rRNA) gene is one of the most commonly used phylogenetic 
markers targeted by new molecular techniques for the classification of bacterial and archaeal 
DNA. The 16S rRNA gene, also referred to as small subunit rRNA or 16S rDNA, plays a critical 
role in encoding rRNA, which is integral for protein synthesis. As their function is so 
fundamental to life on earth, regions of these genes have remained highly conserved throughout 
geologic history. These highly conserved regions are intersected by hypervariable regions of the 
genes. These regions can be targeted by specially designed nucleotide primers and amplified 
using polymerase chain reaction (PCR). Sequencing of the amplified regions (amplicons) allows 
for downstream analysis of microbial community structures. Since the introduction of high-
throughput, or massively parallel sequencing (MPS) technology with the first next generation 
sequencing platform (454 GS 20 sequencer) in 2005, a variety of new platforms and molecular 
techniques have rapidly evolved, allowing for improved sequencing speeds and data quality 
(Vierheilig et al., 2015).  
With advances in efficiency and the costs of analysis plummeting, these techniques are 
providing unprecedented insights into microbiology. The greatest technical bottle neck to this 
technology is the lack of bioinformatics expertise to handle the enormous amounts of data 
generated from the analyses (Vierheilig et al., 2015). High-throughput sequencing is now 
commonly used for the assessment of microbial community structure in soils and other mediums. 
While its use in water-quality assessment is still in its infancy, it shows great promise (Tan et al., 
2015). 
Vierheilig et al. (2015) assessed the use of high-throughput sequencing in water-quality 
studies and found it to be useful in resolving spatial heterogeneities in community composition of 
the major bacterial populations in water samples. However, the failure to detect E. coli, or even 
the genus Escherichia, in contaminated waters analyzed in their study led to the conclusion that 
deep amplicon sequencing at the applied depth lacked the appropriate precision to detect 
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pathogens or FIB, which are generally present at very low relative abundances. The authors 
concluded that increased sequencing depths could help overcome this challenge. As predicted, 
technological advances have provided finer resolutions and 16S rDNA sequencing continues to 
be evaluated as a water-quality monitoring tool. 
Nshimyimana et al. (2014) analyzed surface waters from urban Singapore and used 16S 
rRNA sequencing to identify and correlate pathogen-like sequences to FIB and land cover. 
Alsalah et al. (2015) assessed groundwater quality for irrigation purposes in Saudi Arabia and 
observed an increase in relative abundance of Proteobacteria, but an overall decrease in species 
richness in wells exposed to anthropogenic contamination events. In distinct hard-rock aquifers in 
France, iron-oxidizing bacteria were observed to dominate the longer residence time groundwater 
of the deeper iron-rich aquifers, while surficial inputs were hypothesized to control microbial 
community structures in the younger, NO3-rich groundwaters of the shallower aquifers (Ben 












The following section describes the field, laboratory, and data analysis methods. Field 
methods, and laboratory methods are divided by sample type, while the data analysis list the 
chosen statistical and computational procedures utilized to generate the research results. 
3.1 Field Methods 
Water samples from 51 groundwater wells were collected from six counties surrounding 
the greater Monrovia District in October and November, 2016. Sampling efforts were spread 
throughout Montserrado, Bomi, Grand Cape Mount, Bong and Margibi counties to obtain 
representative sample groups and reflect a variety of geologic terrains, land covers, levels of 
urbanization, elevations, and distances from the coast. While obtaining a representative spread of 
environmental conditions was prioritized, at times, sampling methodology was modified to 
maximize the potential for actionable results. Often, when multiple functional wells were within 
proximity to each other, a sample was collected from several of the wells. Therefore, if poor 
groundwater quality was determined in a particular well, the informed community might have the 
free, or low cost, option to draw from another nearby well if it was deemed suitable. 
Water samples from all 51 locations were analyzed for major-ion and trace-element 
chemistry, along with E. coli and total coliform bacteria. Nine duplicate samples were collected for 
major-ion analysis. In addition, eleven of the wells were sampled for microbial DNA. 
Prior to approaching each well to collect samples, a community leader, chief, or well 
caretaker was identified, informed of the work’s purpose, and asked for permission to test the well. 
Often, interested community members, particularly children, were engaged in various aspects of 
the field testing. 
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3.1.1 Chemical and Field Measurements 
Temperature and pH were measured in the field with a Beckman-Coulter pH meter 
(model pHi 410) calibrated with a three-point calibration using pH buffers 4, 7, and 10 at each 
well. Electrical conductivity (EC) was measured with a VWR conductivity meter (model 2052) 
calibrated with 500 µS/cm conductivity standard at the start of every field day. Spatial 
coordinates for each well were recorded with a Garmin Oregon GPS unit (4500 series) using the 
WGS 1984 geographic datum. 
According to USGS (2006) guidelines, three well volumes should be flushed from each 
well prior to sampling or analysis to ensure that any stagnant water is removed. To conform with 
these guidelines as closely as possible, any well that was not being actively pumped by the 
community upon arrival was pumped for five to ten minutes. During this time, community members 
were encouraged to fill water buckets to conserve water. Polyethylene (250 ml) and high density 
polyethylene (30 and 50 ml) sample bottles were used for major-ion and trace-element sample 
collection, respectively. All bottles were rinsed three times with deionized water at the Desert 
Research Institute (DRI) in Reno, Nevada and then field rinsed three times. After wells were 
purged, field measurements (pH, EC, temperature) were taken and sample bottles were filled to the 
brim with water. Bottle caps were wrapped with electrical tape to minimize vapor exchange, and 
stored on ice. Samples were not filtered or acidified in the field as nitric acid could not be 
transported and was unavailable. Additional pertinent information including photographs, the 
community name, the community contact, and the well number were documented. When present 
and legible, well-construction information written in the cement well pad, which often included 
total well depth, length of well casing, static water level, and construction date was also recorded 
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3.1.2 E. coli-Total Coliform 
Idexx 10 ml MPN Colilert tubes were utilized in the field to assess the presence of E. coli 
in the wells. The sterile 10 ml tubes pre-dispensed with the Idexx trademarked chemical reagent 
Colilert. The coliform enzyme β-galactosidase and E. coli enzyme β- glucuronidase are targeted by 
nutrient indicators, ortho-Nitrophenyl-β-Galactosidase (ONPG) and 4-methylumbelliferyl-β-D-
Glucuronide (MUG), respectively, in the Colilert defined substrate technology (DST). As the β -
galactosidase enzyme produced by coliform bacteria metabolizes the ONPG, the solution changes 
the color from clear to yellow. When present, the E. coli specific β-glucuronidase enzyme 
metabolizes MUG and produces fluorescence under UV lighting.  
These tests are commonly used for water-quality analyses in remote areas as they do not 
require electricity. Incubation can be achieved with body heat (35 C) by securing the Colilert tubes 
to the body for up to 24 hours (Metcalf and Stordal, 2010). In the field, after collecting chemical 
water samples, the Colilert tubes were aseptically filled with well water, closed, shaken, and placed 
in the sock to begin incubation. Upon return from the field the tubes were transferred to a Wagtech 
incubator for incubation at 37 C until results were obtained. Samples were left to incubate for a 
maximum of 24 hours. However, results were typically obtained within 10-18 hours. E. coli 
presence was determined with the aid of 365 nm wavelength black light. 
3.1.3 Microbial DNA Sampling 
From the 51 well locations, 11 were selected for high-throughput sequencing targeting the 
16S rRNA gene. At the 11 locations, DNA samples were collected in duplicate. After purging the 
well and collecting samples for chemical analysis, sterile 100-ml Whirl-Pak bags were used to 
collect water from the well. Sterile 50 ml disposable syringes (EXELINT) were used to filter the 
water through a 0.22-micron filter housed within a sterile Sterivex cartridge assembly. The quantity 
of water passed through each filter was measured in a graduated cylinder and recorded for each 
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sample. An average of 2,142-ml of water was pushed through each filter. Any remaining water was 
then forced out of the cartridge using the same syringe. A sterile BD Luer-Lok female plug 
(autoclaved at DRI, Reno, NV and stored in a sterile Falcon tube) was secured on the male end of 
the Sterivex cartridge. A disposable, sterile, 3.5 ml syringe (EXELINT) was used to saturate the 
filter and fill the Sterivex cartridge with approximately 2.7-ml of DNAgard preservative 
(Biomatrica). The top of the cartridge was then sealed with a sterile BD Luer Lok plug and the 
entire apparatus was stored at ambient temperature inside a sterile 50-ml Falcon tube for ~2 weeks 
and then stored at 20 ºC until further processing. DNAgard protects and preserves genomic DNA 
for six months at room temperature, as per manufacturer instructions. 
3.2 Laboratory Analysis 
Laboratory analyses were carried out by a variety of laboratories, both within the United 
States, and Ghana, Africa. The analytical procedures are described below.  
3.2.1 Chemical Analysis 
Fifty-one samples were initially analyzed for major ions at the World Vision (WV) Lab in 
Tamale, Ghana and trace elements were analyzed at the DRI in Reno, Nevada. The nine duplicate 
samples were analyzed at the Nevada State Public Health Lab in Reno, Nevada (NSPHL). 
At the World Vision Lab in Tamale, water samples were analyzed for pH, alkalinity, silica, 
turbidity, temperature, and the following major ions: Ca, Mg, Na, K, Cl, F, NO3, and SO4. Ca and 
Mg were analyzed with a Shimadzu Atomic Absorption Spectrometer (AAS) 7000, while Na and 
K were analyzed with a Jensway PFP 7 Flame Photometer. Anion concentrations were determined 
using a Dionex ICS 1600, and alkalinity was measured with a Palintest Alkphot and photometer. 
Conductivity and pH were measured using a Mettler Toledo multi-meter, while turbidity and Si 
were analyzed using a 2100 HACH Turbidimeter and DR 900 HACH Photometer, respectively. At 
the NSPHL, duplicate samples were measured for Ca, Mg, Na, K, SO4, NO3, Cl, alkalinity, and 
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pH. Cations were measured with inductively coupled plasma-optical emission spectrometry (ICP-
OES) using EPA method 200.7, while anions were analyzed via ion chromatograph (IC) with EPA 
method 300.0. Alkalinity was reported as CaCO3 using Standard Methods 2320B (titration). 
The quality of major ion analysis results was checked by charge balance error (CBE) 
calculation. Since all solutions should be electrically neutral, the sum of the electrical charge of 
anions and cations should be approximately equal. CBE is calculated by first converting major ions 
to meq/L followed by equation 6. 
𝐶𝐵𝐸 =
∑ 𝐶𝑎𝑡𝑖𝑜𝑛𝑠 − ∑ 𝑎𝑛𝑖𝑜𝑛𝑠
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + ∑ 𝑎𝑛𝑖𝑜𝑛𝑠
∗ 100 (6) 
All CBEs of duplicates samples processed at the NSPHL were under 10 %. However, CBEs 
from most samples processed by the WV lab exceeded 10 %. Therefore, the remaining sample 
volumes were sent from Ghana (WV lab) to Nevada to be re-analyzed at the NSPHL. The remaining 
sample volumes were re-analyzed for pH, Ca, Mg, Na, K, SO4, Cl, NO3-N, F, Si, and alkalinity 
using the same methods as described above for the duplicate samples. No samples exceeded 10 % 
CBE. 
At DRI 15-ml of each sample was extracted and acidified 48 hours prior to analysis with 
ultra-pure 1 % nitric acid. Each sample was processed in an inductively-coupled plasma-mass 
spectrometer (ICP-MS) to analyze concentrations of the following 21 trace elements: Ag, Al, As, 
Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sr Tl, U, V, and Zn.  
3.2.2 DNA Sequencing 
The subset of 22 samples from 11 well locations (collected in duplicate) for DNA 
sequencing was prepared at the DRI Las Vegas Environmental Microbiology Laboratory. DNA 
was extracted from 0.22 µm Sterivex filters and DNAgard preservative solution using a MOBIO 
PowerSoil DNA isolation kit (MO BIO Laboratories Inc., CA USA) as per manufacturer 
protocol. For quality control and quality assurance purposes, absorption readings were taken prior 
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to sequencing using a NanoDrop spectrophotometer. Additionally, gel electrophoresis was run on 
all samples. All samples were test amplified using F515 and 806R primers (Hou et al., 2013) to 
test amplification from all samples prior to sequencing.  
Extracted DNA was sent to the Mr. DNA Lab in Shallowater, Texas. Bacterial and 
Archaeal 16S rRNA regions were amplified using modified F515-806R universal primers, 
F515([5’-GTGYCAGCMGCCGCGGTAA-3’] and 806R [5’-
GGACTACHVGGGTWTCTAAT-3’] (Hou et al., 2013)) targeting the V4 hypervariable 
region of the 16S rRNA gene. Two µl of total DNA was used as a template for PCR and 
amplifications were done in triplicate. Twenty-eight cycle PCR using the HotStarTaq Plus Master 
Mix Kit (Qiagen, USA) was conducted using the following conditions: 94 °C for 3 minutes; 
followed by 28 cycles of 94 °C for 30 seconds, 53 °C for 40 seconds and 72 °C for 1 minute; and 
72 °C for 5 min, followed by 72 °C for 5 minutes final elongation. Equimolar amounts of purified 
amplicons were pooled and stored at –20 °C until sequenced. PCR products were sequenced 
using the Illumina Miseq platform.  
 3.3 Data Analysis Methods 
A wide diversity of analysis was conducted using analytical laboratory data, satellite 
imagery, and field data. The procedures and software packages utilized for analyses are described 
here. 
3.3.1 Remote Sensing and Database Creation 
Because of the scarcity of available literature regarding water resources in Liberia, 
satellite imagery and remote-sensing techniques were integral to data analysis conducted pre-and 
post-field work. To facilitate the interpretation of results, several land-use maps were generated 
and various GIS techniques were performed. Two land-cover maps were created, one including 
the influence of population densities, and one without. Prior to analysis, six land-use 
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classifications were identified based on knowledge of the study area, previous classifications, and 
satellite imagery. Land-use classifications used for analysis were city, coastal vegetation, 
agriculture, scattered agriculture and forest, forest, and water. 
Every pixel in the study area was assigned to one of the six classifications based on the 
following procedures. Landsat 8 imagery was obtained for the study area and corrected to top of 
atmosphere reflectance. Supervised classification was then carried out on seven spectral bands 
using the spectral angle mapper algorithm in Environment for Visualizing Images (ENVI) 
software. This was followed by kernel smoothing and aggregation to 15 pixels (450 m). To 
include the influence of population, LandScan 2015 data were obtained. LandScan data are a 1- 
km resolution raster of global population density created by Oak Ridge National Laboratory. 
Details regarding the LandScan mapping algorithm can be found at 
http://web.ornl.gov/sci/landscan/. Population density at each sampling location was extracted 
from LandScan data, the distribution was log transformed to approximate normality, and the 
quantile breaks (0,0.05,0.25,0.75,0.95,1) were used to assign a population density to each pixel as 
low, medium-low, medium, medium-high, and high. This classification was then added to the 
land-use classification. 
In addition, a database of over 6,000 groundwater wells was developed containing 
information obtained from NGOs, both in the field and remotely. Although wells with 
construction information such as total depth (TD), static water level (SWL), and casing length 
written in the cement well pad were prioritized in sampling efforts, this information was missing 
for various wells. However, missing well construction information was filled in for several wells, 
post hoc, from borehole logs supplied by the NGO Living Water International (LWI).  
3.3.2 Graphical Methods 
Piper (Piper, 1944) and Durov diagrams were created to display general trends in bulk-
chemistry data in in Geochemist Work Bench software package. To aid in spatial interpretation of 
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bulk-chemistry, Stiff diagrams (Stiff, 1951) were generated and spatially referenced to well 
locations in ArcMap v10.3 and python scripting (Inkenbrandt, 2015).  
Molar ratio, mineral dissolution plots were constructed in R statistical software to 
identify possible sources of elemental constituents present in the water. Water chemistries of each 
sample were plotted on the potassium-silicate and calcium silicate (K-silicate and Ca-Silicate) 
mineral weathering stability diagrams using Geochemist’s Work Bench. A scatter plot of TDS 
values calculated from field conductivity values and Na++ Ca2+concentrations (meq/L) were 
plotted onto a Gibbs diagram (Gibbs, 1970) in R statistical software. 
3.3.3 Statistical Methods 
Histogram, boxplot, and empirical, cumulative-distribution function plots (Appendix 8) 
were used to investigate distributions within the geochemical data. Mahalanobis distance metric, 
the Anderson Darling Murray test for normality, and visual inspection of histograms revealed 
data to contain abundant outliers and approximate a log-normal distribution more closely than a 
standard normal distribution (Appendix 8). Therefore, robust multiplicative lognormal 
replacement based on Regression on Order Statistics (ROS) was used to impute left-censored data 
points. Parameters containing greater than 80 % left-censored values were neither imputed nor 
used in any subsequent analyses. Imputation was carried out using the zCompositions/NADA 
package (Palarea-Albaladejo and Antoni Martin-Fernandez, 2015; Lopaka, 2013) and summary 
statistics were calculated for imputed data set using the StatDA package (Filzmoser, 2015) in R 
statistical software. Histograms, boxplots, and Empirical Cumulative Density Function (ECDF) 
plots of raw and imputed data results, are presented in Appendix 8. Non-parametric Wilcoxon 
rank sum test was performed to assess differences between chemical distributions between 
various sample groups. 
Major ions (Ca, Mg, Na, K, HCO3, SO4, Cl, NO3, and SiO2) were used for PCA and HCA 
because of their assumed relation to major geochemical processes, demonstrated compositional 
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behavior (section 2.10), and low relative abundance of censored values. Since all compositional 
measurements are constrained by a constant sum defined by their unit of measurement, the major 
ions represent a sub-composition within the full composition. For multivariate analysis, the 
remaining (unmeasured) component of the composition was assumed to be pure water for all 
samples. The H2O component was calculated by assuming a water density of 1 and subtracting 
the concentrations of all major ions (converted to mmol/L) from 1 kg of water (55493.9 mmol) 
(Engle et al., 2010). Robust PCA based on the minimum covariance determinant (MCD) of the ilr 
transformed imputed data was carried out and resulting loadings and scores were back-
transformed to the clr space with the robCompositions package in R. For comparison, a classical 
non-robust, non-compositional PCA was performed on the same imputed data set after log10 
transformation, and standardization using the base stats package in R. 
 Multivariate classification of water samples was performed on the same ilr transformed 
data set. HCA was performed on the Euclidean distance matrix using Wards linkage method. 
Heuristic examination of cluster dendrograms and cluster results plotted spatially was used to 
optimize the number of clusters chosen to maximize differences between groupings and reflect 
physical processes. Additionally, binary logistic regression modeling was conducted to explore 
associations between E. coli bacteria (presence/absence) and physicochemical parameters.  
3.3.4 Bioinformatics  
Paired-end sequence reads were joined with a minimum of 100 base pair (bp) overlap 
with ea-utils (http://code.google.com/p/ea-utils). Joined sequence reads were then binned by 
barcode and quality filtered and processed in the Quantitative Insights into Microbial Ecology 
(QIIME) software package v 1.9 (Caporaso, Kuczynski, et al., 2010) under default conditions, 
except where noted. Amplicon sequences with errors in barcodes, ambiguous base-calls (phred 
quality score q20), and > 300 bp long and < 280 bp long were discarded. The remaining 
sequences were de novo filtered for chimeras using the UCHIME algorithm (USEARCH v6.1) 
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(Edgar et al., 2011). The remaining sequences were clustered into operational taxonomic units 
(OTUs) at 97% with UCLUST (Edgar, 2010). The most abundant sequence within each cluster 
was selected as the representative sequence. Representative sequences were aligned to the 
Greengenes 97% reference alignment with PyNAST (Caporaso, Bittinger, et al., 2010), Vertical 
gaps in all sequences were filtered from the alignment and a phylogenetic tree was constructed 
from the filtered alignment with FastTree. Taxonomic identification was performed with the RDP 
classifier (Wang et al., 2007) at 80% bootstrap confidence against the Greengenes 16S rRNA 
database (13_8 release). After creation of an OTU table, global singletons were discarded. 
Selected sequences with taxonomic affiliations to known pathogens were used to query the 
GenBank 16S Ribosomal RNA database using BLAST (Altschul et al., 1990).  
Statistical analyses on microbial data were performed in QIIME and R statistical software 
version 3.4.0 using the Vegan and Phyloseq packages. Sequencing depths were assessed using 
rarefaction curve analysis. Chao1 and Shannon indices were calculated using the full data set with 
non-target mitochondria and chloroplast sequences removed (Equation 7 and 8). Alpha diversity 
and richness estimates of duplicate samples were averaged. The Chao index is a measurement of 
richness, which reflects the number of rare species; Sobs is the number of observed species; and F1 
and F2 are the numbers of singleton and doubletons or taxa represented by just one or two reads, 
respectively. The Shannon index is a function of community evenness, where p represents the 
proportion of a given sample that is made up of an individual species and s is the number of 
species in the sample. 









Prior to ordination analysis and generation of stacked bar plots of community 
composition, the data set was rarefied to the sample with lowest sequencing depth (~58K) and 
transformed to relative abundances. Duplicate samples at each well location were merged to more 
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accurately reflect in-situ groundwater conditions. To facilitate the determination of core 
groundwater microbial communities, OTUs that contributed less than 0.5 % relative abundance 
were filtered and data was renormalized to 100 %. 
Compositional shifts in microbial communities between samples (beta diversity) was 
investigated through non-metric multidimensional scaling (NMDS) performed using the 
metaMDS function available in the Vegan package (Oksanen et al., 2013). The ordination was 
calculated on square root transformed and double standardized OTU table. Optimization of 
NMDS configuration was achieved through minimization of stress values from 1,000 random 
starts with 1,000 iterations each. The ordination solution was assessed through calculated stress 
values and stress plot. Taxa in ordination space were symbolized at the phylum and domain 
levels, while sample sites were symbolized by location, bedrock geology, land cover, and E. coli 
field test results. 
To further elucidate environmental controls and/or associations, chemical and 
environmental parameters were combined into a secondary matrix that was normalized (log10 
transformed), and standardized. Permutation-based significance tests (n=1,000) were employed to 
determine the correlation and significance of physicochemical vectors to NMDS axes using the 
envfit function (Vegan). Significant fits (p < 0.05) were plotted. Physiochemical parameters from 
the secondary matrix were also plotted as smoothed surfaces across the NMDS ordination space 
using thin-plate splines in a general additive model (GAM) framework using the ordisurf function 
(Vegan) (Oksanen et al., 2013). Linear regression modeling was performed to explore 
relationships between specific microorganisms and environmental parameters using adjusted p 
values (Bonferris correction) and Spearman rank and Pearson’s correlation coefficients. 
Stacked bar plots were generated to show the number of sequences at the genus and 
species level for several families known to contain waterborne pathogenic bacteria. Abundant but 
unclassified sequences were used to query the NCBI BLAST database to identify highly similar 
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sequences using a 97 % alignment similarity threshold. However, sequences with higher 
similarity (i.e. 99 %) were preferentially selected for classification. When top BLAST results had 
tied metrics (expected value, % query coverage, % identification), the most abundant sequence 
was selected.  
All Bacteroides spp. sequences were then compared using the NCBI BLAST database to 
several well-known Bacteroides spp. source specific fecal gene markers. Human specific, 
ruminant specific, and swine specific Bacteroides gene markers [accession number AJ4089383 





















The results of this research are divided into four sections: remote sensing, geochemistry, 
microbiology, and biogeochemistry. The section is constrained to results of analyses with limited 
interpretation. The following discussion investigates the results of each section. 
4.1 Remote Sensing and Database Creation 
The locations of more than 6,000 wells sourced throughout Liberia and collated into the 
new database are shown in Figure 10. Black crosses indicate wells targeted in this study, red 
crosses show wells for which borehole logs were obtained, and grey symbols are locations of 
wells obtained from several NGOs with varying degrees of information. Analysis of the borehole 
logs within the study area (red bounding box) identified 110 borehole logs for which depth- to-
hard rock was recorded. The mean and median depths-to-hard rock within the study area were 22 
and 20 meters, respectively. The land-cover maps derived from LandSat and LandScan imagery  
Figure 10. Map of wells added to the database. 
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are displayed in Figure 11. The largest portion of the study area (56 %) is classified as scattered 
forest and agriculture (Figure 11a). When population density is considered (Figure 11b), scattered 
forest with agriculture and low population density comprise the most significant portion of the 
study area (44 %).  
 





Results of statistical and graphical analysis of both major ion and trace element chemical 
data are presented here. Geochemical results are partitioned by type of analyses. 
4.2.1 Summary Statistics 
Trace element and major ion concentrations along with field data collected for each well 
included in this study are available in Table 5, Table 6, and Table 7, respectively (Appendix 8). 
Descriptive summary statistics were calculated for all geochemical constituents analyzed and are 
presented in Table 8 of Appendix 8. Mean concentrations of major ions of all 51 wells sampled 
reveal the following predominance: Ca>Na>K>Mg and HCO3>NO3>SO4>Cl
 for cations and 
anions, respectively. Distributions of most geochemical constituents in the data sets were found to 
be positively skewed and influenced by outliers and censored data (Appendix 8). Therefore, the 
median and geometric mean more closely approximate the center of the data set than the mean 
(Table 8). Both classical measures of data spread, such as standard deviation (SD), interquartile 
range (IQR) and coefficient of variation (CV%), and their robust alternatives—median absolute 
deviance (MAD) and robust coefficient of variation (CVR%)—are provided in Table 8. A 
uniform positive shift (̄mean=1.51) in pH values was observed between samples obtained in the 
field and those measured in the laboratory (Table 5 and Table 7, Appendix 8).  
The overall pattern of non-detects in the data set is summarized in Figure 12. The bar 
graph at top of the figure shows the percentage of non-detect values for each chemical parameter, 
while the rows represent each sample. Green cells represent the non-detects and white cells 
display detects for each sample and chemical. Summary statistics were calculated on the imputed 
data set for all parameters with less than 80 % non-detects. Histograms, boxplots, and ECDF plots 
for distributions of chemical parameters are provided in Appendix 8, while Mg is provided as an 

























































































Figure 13. Histogram with boxplot, and ECDF plot for raw and log10 transformed data Mg 
concentrations. Detection limit, is indicated by red dashed line, and imputed values are 
indicated by red points. 
4.2.2 Chemical contaminants of concern 
World Health Organization guideline values for chemical contaminants of health concern 
were exceeded for NO3 (n=3), As (n=3), and Pb (n=2) in five of the 51 samples analyzed (Table 
1) (Figure 14). Water samples from wells 42 and 43 exceeded WHO health-based threshold 
values for both NO3 and As concentrations; threshold values were also exceeded for As in well 2. 
Wells 27 and 22 were found to contain Pb concentrations exceeding WHO GVs. The spatial 
distributions of As, Pb, and NO3 within the study area are shown in Figure 14. In most sampled 
wells, As and Pb values were very low (near detection limit) and only occurred in excess of WHO 
threshold values in isolated cases. In contrast, NO3 concentrations approaching the guideline 
value (11 ppm) were found commonly throughout the study area (Figure 14). 
47 
 
Distributions of Fe, Al, Mn, and pH are shown in Figure 15. Although no health-based 
threshold value has been proposed for Fe, two wells were found to exceed the WHO 
recommended value (0.3 mg/L), above which aesthetics are negatively impacted. Seven wells 
were identified with Mn concentrations greater than 0.1 mg/L, the lowest concentration at which 
undesirable tastes and staining are caused. Additionally, wells 35 and 20 approached the health-
based Mn threshold value (0.4 mg/L) derived from dietary surveys with Mn concentrations of 338 
and 347 mg/L, respectively (Appendix 8). The health-based Al threshold (0.9 mg/L) estimated by 
the Joint Food and Agriculture Organization of the United Nations/ WHO Expert Committee on 
Food Additives (JECFA) was exceeded in well 4. A significant number of wells (87 %) were 



























































































































































































4.2.3 Traditional Graphical Tools 
Gibbs Diagram 
Low measured conductivities, and thus TDS, characterize most groundwater samples in 
the study area. TDS was derived by multiplying EC (µS/cm) by 0.65 (Snoeyink and Jenkins, 
1980; Pawlowciz, 2008). Approximately 43 % (n=22) samples plot in the precipitation dominant 
zone, while 57 % (n=29) plot in the water-rock interaction dominant zone on the Gibbs plot 
(Figure 16). No samples plot in the evaporation dominant zone (Figure 16). 
 
Figure 16. Sample chemistries plotted on Gibbs Diagram. Diagrams suggests water-rock 
interaction and precipitation process as dominant geochemical controls in the region 
Piper, Durov, and Stiff Diagrams 
Major ion chemistries for all 51 samples are plotted on Piper and Durov diagrams (Figure 
16). Each point represents the chemistry of an individual groundwater sample and is symbolized 
by the simplified bedrock geology extracted from the geologic map at the well’s location (Figure 
6). Stiff diagrams for each water sample are plotted geographically and are symbolized by 







































































Mineral Dissolution and Weathering Product Plots 
Water chemistries were plotted on Ca-Silicate and K-Silicate mineral weathering stability 
diagrams (Figure 18). Samples plot predominantly in the kaolinite stability field in both diagrams. 
Several samples plot along the kaolinite--gibbsite equilibrium line in both diagrams, while others 
plot along the k-mica--kaolinite equilibrium and into the k-mica stability field in the K-silicate 
weathering stability diagram (Figure 19). The approximate range of annual rainfall is plotted over 
the generalization of mean-weight weathering product according to rainfall measured from 
Hawaii (Berner, 1971) in Figure 20. 
 
Figure 19. Ca-silicate (left) and K- Silicate (right) mineral weathering stability diagrams 
 
 
Figure 20. Generalization of mean weight weathering product according to rainfall on island of 




Ionic-ratio plots were generated to explore possible sources of chemical constituents in 
the water samples. Halite, albite, anorthite, calcite, and kaolinite dissolution reactions were 
considered in the ionic-ratio plots. The slope of the mineral dissolution line is based on the 
stoichiometric ratios of the soluble products according to the following equations. 
NaCl + H2O → Na
+ + Cl− + H2O 
(halite) 
(9) 





NaAlSi3O8 + 8H2O → Na
+ + Al(OH)4− + 3H4SiO4 
(albite) 
(11) 
2NaAlSi3O5 + 3H2O + CO2(g) → Al2Si2O5(OH)4 + 4SiO2      + 2Na
+ + 2HCO3
− 
(albite)                                                 (kaolinite) 
(12) 
CaAl2Si2O8 + 8H2O → Ca
2+ + 2Al(OH)4− + 2H4SiO4 
(anorthite) 
(13) 
CaAl2Si2O5 + 3H2O + CO2(g) →  Al2Si2O5(OH)4 + Ca
2+ + 2HCO3
− 
(anorthite)                                           (kaolinite) 
(14) 
All samples fall on the Na side of the halite mineral-dissolution line (Figure 20), 
indicating that halite dissolution alone cannot explain total Na concentrations. Samples plot on 
the Ca side of the anorthite dissolution line when secondary incongruent weathering products are 
not considered (Equation 13) (Figure 21), indicating another source of Ca. The same trend is 
indicated for Na on the albite dissolution plot when aluminosilicate weathering is not accounted 
for (Figure 22).  
 






Figure 22. Anorthite dissolution plot with no kaolinite precipitation (left), samples plotting near 
line are mapped (right) Albite weathering to kaolinite 
Hydrolysis of anorthite and albite with atmospheric CO2 dissolution and precipitation of 
kaolinite are plotted in Figure 24 and Figure 25 (Equations 12 and 14, respectively). Samples plot 
closer to the dissolution line when kaolinite precipitation is considered, but variability is still 
present. It should be noted that the equations for calcite dissolution and incongruent weathering 
of anorthite with kaolinite precipitation produce dissolution lines with identical slope (Equations 





Figure 23. Albite dissolution plot with no kaolinite precipitation (left), samples plotting near 




Figure 24. Albite dissolution plot with kaolinite precipitation (left), samples plotting near line 





Figure 25. Anorthite dissolution with kaolinite precipitation reaction creates same dissolution 
line as calcite dissolution reaction(left), samples plotting near line are mapped (right) 
 
Figure 26. Map of calcite saturation indices 
The hardness-to-alkalinity ratio (HAR) is a sensitive indicator of the presence of strong 
acids. The derivation of HAR is shown in Equation 15, in which * indicates non-marine 
concentration, which is determined from Cl content (Equation 16). In Equation 16, Cnss represents 
the salt corrected constituent; Ctotal is the sample’s concentration of that constituent; Csea is the 




the reference constituent in sea water and sample, respectively (deCaritat, 1996). The sea-water 
composition utilized for correction was obtained from Nordstrom et al. (1979). 
𝐻𝐴𝑅 = 𝐶𝑎∗ + 𝑀𝑔∗/𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (15) 




The HAR is expressed as a plot in which natural groundwaters in equilibrium with 
atmospheric CO2(g) will plot along a 1:1 line (Figure 27). Strong acids resulting from 
anthropogenic impact will increase HAR and cause chemistries to plot above the 2:1 line (Von 
Bromssen, 1989; deCaritat, 1996). Most of the sample compositions plot on, near, or below the 
1:1 line. However, samples 44, 1, 14, and 39 plot above or near it. 
 
Figure 27. Hardness (Ca*+Mg*) in meq/L vs. Alkalinity (meq/L). The 1:1 slope is 
typical of natural waters in equilibrium with atmospheric CO2. 
4.2.4 Boxplots of Chemical Parameters 
Chemical distributions of major ions and trace elements are compared for wells located in 
areas of crystalline and sedimentary geology. Boxplots of log10 transformed major ion 
distributions for groundwaters located in sedimentary and crystalline geology are shown in Figure 
28. Significant differences determined by Wilcoxon rank-sum test are shown on boxplots where 






















































































































4.2.5 Multivariate Statistics and CoDa 
HCA and PCA were conducted to further classify samples and reduce data 
dimensionality to reveal hidden data structures. Biplot results of robust PCA using CoDa methods 
and a classical principal component analysis are displayed in Figures 31 and 32, respectively. The 
robust CoDa PC1 and PC2 explained 65.1 % and 17.3 % of the variance in the data, respectively 
(Figure 29). SO4 has the greatest absolute loading on PC1 (-0.91), followed by NO3, H2O and 
SiO2, with loadings of 0.22, 0.20, and 0.13, respectively. SiO2, K, H2O and NO3 and dominate 
PC2 with loadings of 0.47, -0.45, 0.41 and -0.37, respectively.  
Since SO4, NO3, and SiO2 all had high loading in different directions in PC space, the 
biplot scores are plotted as individual pie charts showing the relative percent of SO4, NO3, and 
SiO2 (Figure 29). The color of the circle around the scores indicates that the sample had greater 
than (red) or less than (black) median (94 µS/cm) field conductivity. Pie charts show that samples 
with higher proportions of SiO2 plot in the negative PC2 portion of the plot, while samples with 
significant SO4 concentrations have only negative PC1 values. NO3 and SiO2 dominate the 
chemistry relative to SO4 in the upper right quadrant (positive PC1 and PC2), but also occur in 
negative PC1 space where SO4 loadings dominate. The scree plot showing the explained variance 
of each principal component is shown in Figure 30. Eigen values are reported in Appendix 8.  
The resulting biplot from the classical PCA, performed on the log10 transformed and 
scaled data, is shown Figure 31. PC1 explains 51.5 % of the variance, while PC2 explains 23.7%. 
All major ions show nearly equal negative loadings along PC1 (-0.36 to -0.40), except for Cl, 
SiO2, and NO3, which have less significant loadings of 0.30, 0.26, and 0.00, respectively. 
Loadings on PC2 are dominated by NO3 (0.62), Cl (0.47), and SiO2 (-0.43). Classical PC1 scores 
were observed to be strongly correlated with TDS (p≈0, R2=0.81; Figure 32). The classical scree 









































































































































































Figure 30. Robust PCA Scree plot showing explained variance of each PC. 
 
 
Figure 31. Biplot from classical PCA (non-
robust, non-compositional) 
 
Figure 32. Classical PC1 scores are strongly 
correlated with TDS. 
After visual inspection of the cluster dendrogram (Figure 33) and spatial analysis of 
results, 4 clusters were chosen as the optimal number. Cluster analysis results are plotted spatially 
in Figure 34 and means of major ions, pH, and conductivity are provided for each cluster in Table 
3. Cluster 4 has the highest mean values for all variables used in cluster analysis in addition to pH 




Cluster 2 has the greatest mean SiO2 content (53.2 mg/L) and the second highest values of all 
other variables in the table except for NO3 and Cl. Cluster 2 is not as spatially constrained as 
Cluster 1. However, all wells grouped as Cluster 2 are generally in the coastal region occurring < 
15 km from the shoreline, except for sample 11, which is 55 km inland. Cluster 3 has the second 
highest mean NO3 content (4.6 mg/L), the lowest mean conductivities and pH values, and is 
widespread spatially. Cluster 1 is spatially widespread and generally has mean values in between 


































































































































































































































































































































Figure 34. Cluster analysis results plotted spatially over simplified geological map of study 
area (modified from Wahl, 2007). 
4.3 Microbiology 
Microbial water quality and community structure was assessed by both E. coli/ total 
coliform presence/absence testing and by analysis of data generated from high-throughput 
sequencing of 16S rRNA gene. Results of E. coli (DST-method) are presented first followed by 
results obtained by analyses and processing of 16S data. Results of integrated chemical and 
microbial analysis are presented in the biogeochemistry results section. 
4.3.1 Escherichia and Total Coliform 
E. coli tested positive in 39 % or 20 of the wells included in the study. Coliform bacteria, 
recorded as total coliform, was present in 65 %, or 33 of the water samples tested. Of the 51 wells 
tested, the majority (47) were closed, “protected” wells, while only four were open wells. All 4 
(100%) of the open wells and 16 (34 %) of closed wells were contaminated with E. coli bacteria 




Logistical regression modeling revealed a statistically significant relationship (p < 0.05), 
between E. coli presence and total depth of well (Figure 36). With every meter of increased 
depth, the model predicts an approximate 13% decrease in the probability of E. coli. No E. coli 
was found in any well constructed deeper than 22 meters (Figure 37). 
 
Table 2 Results of E. coli field test by well type 
  E. coli Field Test Results 
  Positive Negative Total # % Positive 
Open Wells 4 0 4 100% 
Closed/"protected wells” 16 31 47 34% 











Figure 36. logistical regression model: 
Probability of E. coli presence significantly 
decreases with total depth of well. 
 
Figure 37. Total number of wells at different 
depth symbolized by E. coli field test results. 
No E. coli found past 22 m. 
4.3.2 Microbial Community Structure  
The method (section 3.1.3) used to collect and preserve microbial DNA from 
groundwater without electricity or refrigeration successfully yielded high-quality DNA 
sequences. After quality filtering in QIIME, 1.68 million reads (292 average base pair length) 
were assigned to the 22 samples (11 locations collected in duplicate). Rarefaction curve analysis 
indicated that adequate sequencing depth was obtained to cover sequence diversity for all samples 
(Figure 38). Samples were rarefied to the minimum sequence depth (~58K). 
After the removal of non-target sequences, trimming of < 1 % abundant species, and 
merging of duplicate samples, 246 OTUs belonging to 21 major phyla remained and were used to 
assess core microbial diversity. Stacked bar plots for each sample show the relative abundance of 
the 15 most abundant phyla in Figure 39 with the relative percentages of each phylum provided in 





Figure 38. Rarefaction curves of the bacterial 16S rRNA gene sequences for 
22 duplicate water samples. Duplicates are plotted as solid and dashed lines 
of same color. Vertical line indicates minimum sequence depth (~58K). 
Collectively, the most abundant phyla are Proteobacteria (51.8 %), Crenarchaeota (16 %) 
and Planctomycetes (5.18 %). However, groundwater samples show a wide range of community 
compositions across the study area. Proteobacteria comprise the dominant phylum in 64 % (7) of 
the samples, while the most abundant phylum in each of the remaining wells were found to be 
Bacteroidetes (well 3), Planctomycetes (well 15), and Crenarchaeota (wells 30 and 44).  
The top 15 most abundant OTUs belong to 7 identified families (Figure 40). SAGMA-X is 
the most dominant family OUT in samples 30, 32 and 44, while samples 7 and 47 are dominated 
by Comamonadaceae and Neisseriaceae respectively. Gallionaceae is only found in high relative 



















Table 3 Relative microbial community composition of 15 most abundant phyla in all water 
samples 
  well # 
Phylum 2 3 7 11 15 23 30 32 38 44 47 
Acidobacteria 0.5 0.2 1.3 2.7 0.1 1.8 3.3 1.7 0.5 1.8 2.2 
Actinobacteria 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.1 3.1 0.0 0.1 
Bacteroidetes 0.2 32.3 1.1 0.9 2.7 0.6 0.9 0.6 1.3 0.4 2.6 
Chloroflexi 0.0 1.3 0.4 0.5 0.0 0.0 0.0 1.0 0.0 0.0 0.0 
Crenarchaeota 1.5 6.9 19.1 13.5 0.3 32.6 74.3 36.6 2.1 53.0 17.4 
Firmicutes 0.1 21.0 3.7 0.1 0.1 0.1 0.2 0.5 0.2 2.9 0.3 
Gemmatimonadetes 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 
NC10 0.0 0.0 0.0 0.1 0.0 6.2 1.7 0.2 0.0 0.0 0.0 
Nitrospirae 8.8 1.9 1.1 0.7 1.2 3.6 6.3 1.6 0.4 3.9 1.6 
OD1 0.0 0.0 0.0 1.4 0.0 0.1 0.6 0.1 34.7 0.1 0.7 
OP3 0.0 0.1 0.0 0.8 0.0 5.1 0.0 0.1 0.0 0.3 0.0 
Planctomycetes 0.3 1.3 0.2 0.9 61.5 1.4 0.1 0.5 0.1 0.3 0.1 
Proteobacteria 86.1 31.7 71.4 77.8 33.9 44.3 11.9 37.0 57.4 35.4 70.7 
Synergistetes 0.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Verrucomicrobia 2.2 0.2 1.4 0.4 0.1 4.0 0.5 19.8 0.2 1.9 0.2 
 
 
Figure 40. Stacked bar plots showing community composition of the 15 most abundant OTUs 







Table 4 Relative community composition of 15 most abundant OTUs at the family-level 
Well # 
Family 2 3 7 11 15 23 30 32 38 44 47 
Cenarchaeaceae 1.7 10.5 0.2 20.9 0.1 64.9 0.1 4.0 0.0 5.6 0.4 
Comamonadaceae 7.9 32.3 52.7 4.0 35.2 11.3 1.2 13.4 12.9 7.7 2.7 
Gallionellaceae 50.6 1.0 0.2 52.3 0.1 1.7 0.1 0.7 0.7 0.4 0.3 
Neisseriaceae 0.3 1.3 4.7 0.3 0.1 0.3 0.1 7.9 0.4 0.8 73.6 
Oxalobacteraceae 0.2 0.8 17.8 0.2 0.1 0.1 0.0 2.5 1.6 0.3 14.4 
SAGMA-X 1.9 51.8 24.0 3.1 0.2 20.1 97.5 70.4 3.0 84.0 8.3 
W4 0.2 0.6 0.1 1.4 64.0 0.2 0.1 0.5 0.1 0.4 0.1 
Samples and taxa are plotted together in NMDS ordination space in Figure 41, Figure 42, 
and Figure 43. Euclidean distances between samples in NMDS space are inversely proportional to 
their degree of similarity with respect to microbial community structure. Therefore, groundwater 
samples plotting close to each other (i.e. 23,2, and 11) share greater microbial resemblance than 
groundwaters separated by a greater distance (i.e. 15 and 38). Contributing taxa are symbolized 
by domain and phyla while samples are marked according to land use, simplified bedrock 
geology, and E. coli field test results in Figure 41, Figure 42, and Figure 43 respectively. Two 
obvious clusters of samples are apparent: samples 11, 12, and 23 and samples 4, 32, and 7. 
Samples collected in the city appear to be more dominant in the left and lower section of the plot 
(negative NMDS1 and NMDS2; Figure 41 and Figure 42).  
Samples collected from wells located in sedimentary terrain have the most negative 
NMDS1 scores but are distributed widely across NMDS2 axis. The two samples obtained from 
wells set on the igneous bedrock (Monrovia Diabase), appear (wells 44, 47) show similar 
NMDS1 and NMDS 2 while, wells located in the Precambrian Metamorphic vary widely in 
NMDS space. Additionally, NMDS2 partitions samples by their E. coli field test results, with 





Figure 41. NMDS Ordination: Samples symbolized by land use and taxa colored by Domain 
 
 





Chao and Shannon alpha diversity and richness estimates showed strong variation 
throughout the study area (Figure 44). However, spatial trends across the landscape were not 
apparent (Figure 45). Nonetheless, alpha diversity estimated by the Chao1 index was shown to 
significantly decrease (P=0.002, R2=0.43) with total well depth (log10 transformed) (Figure 46). 
However, this relationship appears driven by a few high diversity samples encountered in shallow 
wells acting as high leverage points (Figure 46). Therefore, two diversity groups may exist: a 
high diversity group at shallow depths (< 15 m) and a lower diversity group in the deeper wells 
(>15 m) (Figure 46). Groundwater from shallower wells (< 15 m) had significantly higher Chao1 
index (P=0.01) values according to the non-parametric Wilcoxon rank-sum test. The Chao1 index 
also appeared to be significantly greater (p = 0.01) in groundwaters that tested positive in the field 



























































































































































































































Figure 46. Relationship between Chao1 alpha 
diversity and depth. Samples are symbolized 
by E. coli field test results.  
 
Figure 47. Chao1 alpha diversity boxplot 
symbolized by E. coli field results. Samples 
which tested positive for E. coli in the field 
show significantly higher Chao1 alpha 
diversity 
4.3.3 Biogeochemistry 
Vector fitting of physicochemical parameters in NMDS space was used to indirectly 
assess correlations between chemical concentrations and environmental measurements from the 
sample site (i.e. elevation, depth) and shifts in microbial community structure as defined by the 
samples NMDS scores. Parameters which were significantly correlated (p < 0.05) with NMDS 
axes are plotted in Figure 48. All correlations between physicochemical parameters and NMDS 
ordination are included in Table 10 of Appendix 8. Although significant correlations were 
obtained between NMDS axes and As and U (Table 10), they were removed from Figure 43 
because of high percentages of non-detects within the 11-sample subset. 
Correlation coefficients and significance derived from vector fitting are only meaningful 
when the relationship is linear, which cannot be assumed. Therefore, the linearity of all 
significant vector fits was assessed through fitting of thin plate splines. However, the fitted 
smoothed surfaces of just SiO2, NO3, distance from coast, and pH in NMDS space are presented 




from coast and NMDS axes were substantiated as the fitted contours are equally spaced and 
perpendicular to their respective vectors (Okansen, 2015). Surface fitting revealed highly non-
linear relationships between NMDS axes and HCO3, Mg and Al, while SiO2 contours fit to 
NMDS space show some curvature, indicating just a slight departure from linearity. 
Between the bottom right and upper left of the two dimensional NMDS plot there is a 
gradient between groundwaters with high NO3, low SiO2 and abundant Crenarchaeota to 
groundwaters with high SiO2, low NO3, abundant Proteobacteria, low relative Crenarchaeota and 
the presence of phylum Verrucomicrobia (Figure 43 and Figure 49).  
 
Figure 48. Relationship between NMDS axes and sample SiO2 concentrations. Contours 
represent predicted SiO2 concentrations. Contour labels are in mg/L (left) and standard 
deviations (right). 
In addition, pH and EC increase uniformly from right to left which co-occurs with 
relative increases in abundance of phylum Planctomycetes and Firmicutes and a decrease in 
Crenarchaeota (samples 15 and 3). From sample 38, (upper right) which contains high relative 




which has high Cl, EC, V and the greatest relative abundance of phylum Planctomycetes create a 
continuum from the furthest well inland to the closest well to the ocean. Additionally, depth of 
installed well casing generally increases moving from positive to negative NMDS2 scores with 
the greatest casing depths recorded at wells 11, 3, and 2. 
 
Figure 49. Relationship between NMDS axes and sample NO3-N concentrations. Contours 







Figure 50. Relationship between NMDS axes and each sample locations distance from the 
coast concentrations. Contours represent predicted distance. Contour labels are in standard 
deviations (left) and kilometers (right). 
 
 
Figure 51. Relationship between NMDS axes and sample pH. Contours represent predicted pH. 




4.3.4 Pathogen Associated Taxa 
Several genera and species containing known waterborne pathogenic bacteria were 
identified in the 16S DNA data set. Relative proportions of pathogenic-like OTUs are displayed 
in stacked bar plots in Figure 52 through Figure 56. 
Vibrio was identified as the dominant genus in the family Vibrionaceae. While the initial 
classification did not reach the species level for the Vibrio genus, BLAST comparison revealed 
99 % identification and similarity between the unidentified Vibrio genus OTU and Vibrio fluvialis 
(Figure 52).  
 
Figure 52. Bar plots showing number of reads for family Vibrionaceae stacked at the (a) genus 
(b) species levels. (c) Relative abundance of family Vibrionaceae spp. including BLAST query 





Bar plots (Figure 52) display the number of reads obtained for the family Vibrionaceae 
stacked at the genus and species level. Figure 52 shows the relative abundance of OTUS within 
the family Vibrionaceae with BLAST results included. V. fluvialis is considered an emerging 
pathogen (see discussion). The highest abundances of Enterobacteriaceae were identified in wells 
7, 44, 32, and 11 (Figure 53a and b). Alignment with greengenes database revealed genus 
Escherichia as the most abundant classified OTU within the family Enterobacteriaceae, 
comprising 16 % of the family. All OTUS identified as genus Escherichia were also classified as 
E. coli (Figure 53). While less Enterobacteriaceae reads were obtained from samples 2 and 47, 
they contained high abundances (74 and 80 %, respectively) of E. coli relative to total 
Enterobacteriaceae (Figure 53c). 
Ninety-nine percent of all E. coli identified belonged to one OTU. However, numerous 
identical BLAST results prevented identification beyond species rank for this OTU. A positive 
relationship between E. coli and Enterobacteriaceae total reads and E. coli field was identified. 
However, no statistically significant relationship between quantity E. coli (p=0.182) or 
Enterobacteriaceae (P= 0.07) sequences and E. coli field tests results could be demonstrated. 
Nonetheless, the four samples with the greatest number of Enterobacteriaceae reads, accounting 
for 91 % of the total Enterobacteriaceae identified, were the only four samples that also tested 
positive using the E. coli field tests (Figure 53a and b). 
 BLAST results for the most dominant unclassified Enterobacteriaceae OTU yielded 
very high, but equal alignment (99 %), with both Enterobacter and Klebsiella genus sequences 
(Figure 53c). BLAST results from the second most abundant unclassified OTU suggest the 
presence of Salmonella enterica in several of the samples (Figure 53c). One OTU, identified as 
genus Proteus, comprised approximately 6 % of the Enterobacteriaceae in sample 44. BLAST 






Figure 53. Bar plots showing number of reads for family Enterobacteriaceae stacked at the (a) 
genus (b) species levels. (c) Relative abundance of family Enterobacteriaceae spp. including 
BLAST query results with samples containing the highest number of Enterobacteriaceae reads 
outlined in red and yellow. 
Samples 44 and 3 had the highest abundances of Campylobacteraceae family microbes 
(Figure 54a). The genus Arcobacter was identified to contain 95 % of Campylobacteraceae reads, 
while genera Campylobacter, Sulfurospirillium, and an unclassified OTU composed the 
remaining 5 %. One species, A. cryoaerophilis composed 89 % of the entire family alone (Figure 
54b). BLAST comparison of most abundant unidentified Campylobacter OTU yielded 99 % 
identity, 98 % query cover, and expected value (E-value) of 3e-145 for C. jejuni. Samples 11 and 
44 contained the highest numbers of reads identified as C. jejuni (Figure 54c). BLAST query 
identified high sequence similarity (>97%) between the second most abundant unclassified 





Figure 54. Bar plots showing number of reads for family Campylobacteraceae stacked at the 
(a) genus (b) species levels. (c) Relative abundance of Campylobacteraceae spp. including 
BLAST query results with samples containing the highest number of Campylobacteraceae 
reads outlined in red. 
Genus Bacteroides comprised 88 % of family Bacteroidaceae, while the remaining 12 % 
were unclassified to the genus level (Figure 55). Wells 44, 7, 15 and 3 had the greatest abundance 
of the genus Bacteroides, with groundwater from wells 44 and 7 accounting for 84 % of all 
Bacteroidaceae family OTUS identified. Well 44 showed the greatest variability of identified 
Bacteroides spp., containing significant abundances of B. caccae (19 %), B. fragilis (4%), B. 
ovatus (8 %), B. plebeius (4 %), B. uniformus (11 %) and unclassified (53 %) (Figure 55). 
BLAST query identified B. gramnisolvens and B. stericorirsoris, as the first and second most 
abundant unclassified OTUS, respectively (Figure 55). Human, bovine, and swine fecal–source, 
specific-gene markers were also queried from NCBI BLAST database. Results yielded >97 % 
sequence similarity between two Bacteroides spp. OTUs and the human Bacteroides gene marker 




reads). No acceptable alignments (>97 %) were identified between the bovine or swine fecal-
source markers and any Bacteroides OTUs.  
 
Figure 55. Bar plots showing number of reads for family Bacteroidaceae stacked at the (a) 
genus (b) species levels. (c) Relative abundance of Bacteroidaceae spp. including BLAST 
query results with samples containing the highest number of Bacteroidaceae reads outlined in 
red. 
Analysis of BLAST results indicated that genus Clostridium composed approximately 72 
% of the family Clostridiaceae (Figure 56c). C. perfringens, a known pathogen, was encountered 
in greatest abundance in sample 30 (314 reads), comprising 96 % of Clostridiaceae OTUs within 
that sample (Figure 56b and c). BLAST comparison identified either C. saudiense or C. 





Figure 56. Bar plots showing number of reads for family Clostridiaceae stacked at the (a) 
genus (b) species levels. (c) Relative abundance of Clostridiaceae spp. including BLAST query 














The discussion is divided into three main sections. First, geochemical findings are 
discussed independently; second, interpretations of integrated microbial and hydrochemical 
findings are presented; third, microbial contamination is addressed through a discussion of the E. 
coli field test and 16S rRNA gene sequencing results. 
5.1 Geochemistry 
Traditional geochemical tools along with multivariate and CoDa techniques were 
employed to improve understanding of chemical water quality and its controls in the study area. 
Interpretation of analysis and results help to define important water-quality issues, accurately 
characterize groundwater quality, and identify geochemical processes occurring in the region.  
5.1.1 Total Dissolved Solids and Acidity  
The observed increase in pH between field and laboratory measurements is attributed to 
CO2(g) diffusion during the interim period between sample collection and analysis. Given the low 
ionic strength of waters, a significant increase in pH would be expected to occur with minor 
changes in bulk chemistry. Field-measured pH values are assumed to more accurately reflect in-
situ groundwater conditions than those measured in the laboratory.  
Low conductivities characterize a significant portion of groundwaters analyzed and are 
ubiquitous throughout the study area (Figure 16 and Figure 18). The low conductivity of samples 
and Gibbs plot interpretation indicate that rainfall is significantly influencing groundwater 
chemistry (Figure 18). The geology, weathering history, and current precipitation regime are the 
three main factors contributing to the low ionic strength of the waters.  
Silicate weathering is a slow process, particularly in comparison to carbonate weathering, 
and commonly results in groundwater chemistries less conspicuous than carbonate aquifers 
(Appelo et al., 2004). Situated on the West African Craton, Liberia has undergone millions of 




incongruent dissolution of Al-silicate minerals have weathered the bedrock in situ, leaving behind 
only saprolite, weathered silicate minerals, and Al-oxide clays with low concentrations of 
available soluble ions. The shallow groundwater depths, the timing of the sampling campaign 
coincident with the end of the wet season, and the enormous quantity of annual rainfall in Liberia 
are consistent with the evolution of low ionic-strength groundwaters. 
The groundwaters analyzed are also characterized by low pH values. pH measured in the 
field ranged from 4.26 to 7.37 with a mean and standard deviation of 5.49 and 0.83, respectively 
(Table 8, Appendix 8). Of the 51 samples, 45 (88 %) fell below the WHO (2011) recommended 
pH range of 6.5-8.5. Although this guideline is not health-based, since pH generally does not 
directly affect consumer health, water acidity has indirect effects. pH influences water 
corrosivity, heavy-metal mobilization, and the effectiveness of disinfection strategies. The low 
pH of groundwaters encountered throughout study area and the potential impacts to water quality 
from mining and borehole/handpump corrosion (see section 6 Social Impact) warrant the 
investigation into processes controlling pH. 
 Possible factors contributing to groundwater acidity include low pH precipitation, low 
pH buffering capacity of regolith/silicate minerals, biogeochemical processes, and oxidation of 
sulfides. The relationship between total non-marine hardness and alkalinity (Figure 27) suggests 
that the low pH encountered in most sampled groundwaters is likely the result of natural 
biogeochemical acidification processes (deCaritat, 1996). The low pH and low dissolved load of 
infiltrating precipitation along with the acidity of regolith material may also contribute to the 
acidity. Additionally, biogeochemical processes in the unsaturated zone are probably driving 
natural acidification.  
As rainwater infiltrates through the soil, CO2 gas produced from root, microbial, and 
fungal respiration is dissolved leading to the formation of carbonic acid (H2CO3). Continual 
dissociation of H2CO3, HCO3, and H2O releases H




acidity (Hanson et al., 2000; Appelo et al., 2004; Boaventura and De Freitas, 2006; Xun et al., 
2015). Temperature and moisture are the most influential factors affecting soil CO2 respiration, 
and the warm wet climate in Liberia (and the tropics in general) would favor increased soil CO2 
production (Jenkinson et al., 1991; Katterer et al., 1998). The tropical climate and abundance of 
vegetative biomass would cause high CO2 production rates, while the high moisture contents of 
the soil, particularly at the end of the wet season, would decrease the potential for CO2 removal 
via diffusion (Appelo et al., 2004).  
Although SO4, NO3, and Cl are strong acids commonly associated with anthropogenic 
acidification processes, their positive and null correlations with pH demonstrate that this is not 
the case. This suggests that atmospheric CO2 and carbonate equilibrium dynamics are controlling 
pH and the acidic character of groundwater in the study region. Acidic groundwaters controlled 
by natural acidification processes are consistent with other study findings investigating low TDS 
tropical groundwaters. Because of the slow rate of silicate weathering, geochemically leached 
terrain, and low concentration of dissolved solids, the system has low pH buffering capacity. 
Because of the vulnerability of the system, which has naturally occurring low pH groundwater, 
any additional driver of acidity has the potential to rapidly incur significant changes. 
5.1.2 Major Ion Characterization  
Piper and Durov diagrams symbolized by underlying bedrock geology give no indication 
that water chemistries can be grouped by geology (Figure 17). Although distributions of several 
chemical constituents were shown to vary significantly (p < 0.05) between crystalline and 
sedimentary units, causation was not established and is doubtful. Because of the unique coastal 
and urban environment of the study area, environmental collinearities are rampant. From the 
sample location nearest to the ocean to the site furthest inland, several variables that could 
significantly affect groundwater geochemistry change simultaneously. For example, moving from 




increases, elevation increases, population decreases, rainfall decreases, and geology changes from 
sedimentary features to crystalline bedrock (Figure 1,Figure 2, and Figure 5). Another factor that 
further confounds discrimination of underlying processes is that targeted wells span at least two 
probable aquifers: a shallow superficial aquifer in the regolith as well as a deeper aquifer that 
flows through the fractured bedrock. 
The Stiff diagrams further demonstrate the variability of water chemistries throughout the 
study area (Figure 18). Although a clear environmentally-influenced pattern is not discernable 
from the Stiff diagrams, spatial clustering of similar water chemistries is apparent. The area of 
highest variability is in and surrounding the urban center of Monrovia. The variability of major 
ions appears to drop significantly northwest of the Montserrado-Bomi border, southeast of the 
Farmington River, and greater than approximately 16 km from the coast. With the exception of 
samples 49 and 11 in Margibi County, all samples outside of this bounding area share the same 
characteristic low TDS shape. While groundwaters sampled in Monrovia and the immediate 
surrounding region contain both high and low ionic-content waters, the highest TDS samples can 
be observed clustering around the urban center of Monrovia, with concentrations of major ions 
increasing in the more densely populated portion of the city towards and into West Point (Figure 
18). 
5.1.3 Mineral Dissolution 
Ionic ratios can help elucidate possible sources of major ions in water. However, 
geochemical modeling techniques and geological context should be incorporated into 
interpretations. For example, Figure 25 displays groundwaters plotting near the calcite dissolution 
line according to Ca-HCO3 ratio. However, Liberia is underlain by weathered crystalline 
basement rock terrain where no carbonate rocks have been documented. In addition, geochemical 
modeling revealed negative calcite saturation indices (SI) (x̄=-2.3) throughout the study area with 




spatial scatter of the few near equilibrium SIs suggest that calcite was not transported into the 
system and is not influencing dissolution chemistry. Rather, the same exact Ca-HCO3 ratios can 
simply be obtained by incongruent weathering of anorthite and kaolinite precipitation (equation 
12). Kaolinite production is typical in tectonically stable, chemically leached, silicate 
environments with abundant rainfall. Although not entirely analogous, as Hawaii is tectonically 
active, Berner (1971) provides a good example of the effect of rainfall quantity on leaching 
intensity and weathering residue composition (Figure 20). As rainfall increases, the weight 
percent of kaolinite and bauxite (a mix of Al-hydroxides) also increases. The approximate range 
of annual mean rainfall for the study area is shown in Figure 20 and suggests weathering residue 
composed of kaolinite and bauxite. This is supported by both mineral stability diagrams (Figure 
19), which indicate kaolinite to be the dominant weathering product. In addition, bauxite has been 
mined in neighboring Sierra Leone to the north (Wright et al., 1985).While minerals seldom exist 
as pure end members, several lines of evidence (geological context, mineral stability diagrams, 
geochemical modeling) suggest silicate weathering to secondary clay products coincident with 
atmosphere CO2 input to be more a likely source of Ca and HCO3 than calcite dissolution in the 
system. 
The humid climate, silicate terrain, and negative halite SIs indicate that halite dissolution 
is minimal. While precipitation of halite from seawater and marine aerosols is possible, in 
general, water samples tend to fall on the Na side of the halite mineral dissolution line as well as 
the sea/rainwater Na-Cl ratio lines, indicating another source of Na (Figure 21). Na and Cl 
contents of samples 14 and 15 which contain relatively high concentrations Na and Cl, are in 
proximity to the coastline and plot near the 1:1 line may be attributed mostly to seawater mixing 
with minor additional Na inputs. Samples plotting near the 1:1 with lower concentrations may 
reflect rainwater inputs, which often have Na-Cl ratios similar to seawater around 0.86 (Appelo et 




is a typical result of silicate weathering, which primarily releases cations and silica into the water 
(Appelo et al., 2004).Weathering of halite and seawater/rain water mixing may explain some of 
the Na concentrations, while weathering of Na-rich feldspars such as albite likely contribute 
additional Na+ to the groundwater (Figure 23, and Figure 24). Na abundance, which cannot be 
fully explained by either, may be a result of anthropogenic Na inputs and or cation exchange 
processes.  
Cation exchange between Ca and Na commonly occurs in coastal aquifers along the 
interface of salt and fresh water. When the fresh-water boundary is advancing towards the coast, 
the aquifer is said to be freshening, and Na ions sorbed to particulate matter are commonly 
released and exchanged with Ca. If the saltwater boundary is advancing landward, Ca is released 
into solution exchanged for Na. The low rate of groundwater extraction in Liberia, and timing of 
sampling at the end of the wet season, would favor the freshening scenario in which cation 
exchange could also contribute to Na concentrations. Clay minerals are integral to cation 
exchange processes; however, the cation exchange capacity (CEC) of kaolinite, the dominant 
stable weathering mineral in the study area (Figure 19), is very low. Nonetheless, clay minerals 
derived from silicate weathering are often intermingled with Fe-Oxides. Fe-Oxides along with 
organic material could increase CEC orders of magnitude. Although soil analysis was not 
conducted, high organic matter and iron content is likely because of the tropical climate and 
widespread soil laterization (Reed, 1951) .  
5.1.4 Multivariate Statistics- Major Geochemical Controls 
The biplot of the classical standardized and log-transformed PCA clearly exhibits the 
typical problem of data closure encountered when treating compositional data incorrectly as non-
compositional. In the classical biplot, either SiO2 is high or NO3 is high; thus, all other 
concentrations must decrease and plot towards the negative loadings of PC1. The curved shape of 




The non-compositional PCA appears to be driven almost entirely by high TDS outliers which 
disproportionately affect the PCs (Figure 31).  
In the classical biplot, PC1 is essentially a mirror of conductivity/TDS (Figure 32). While 
TDS is an important geochemical characteristic, PC1 yields little new useful information—only 
the obvious conclusion that major ions are a function of TDS. Because of the violation of non-
independence of variables, all major ions except NO3 negatively load PC1, which is most heavily 
loaded by Mg. As PC1 is merely a reflection of TDS, it might be incorrectly inferred that Mg is 
controlling TDS (Figure 31). However, this is clearly not the case because Mg concentrations are 
orders of magnitude lower than SiO2, Ca, and HCO3. Using CoDa techniques, the data are opened 
and geochemical relationships can be interpreted without bias (Filzmoser et al., 2009). 
When robust ilr PCA is applied, true geochemical relationships become visible. While 
PC1 still divides low and high TDS waters, it is no longer a simple reflection of TDS, allowing 
the biplot to provide new useful geochemical information (Figure 29). The PC scores and 
eigenvectors are now spread and the biplot is no longer dominated by outliers. With the data 
opened, more accurate and useful information regarding geochemical processes and controls can 
be gained. 
Compositional biplots require different interpretation than non-compositional biplots. 
The eigenvectors represent log-ratio variance rather than variance. SO4 dominates PC1 because 
its log-ratio variance with respect to the geometric mean spans the greatest orders of magnitude, 
not because of its absolute magnitude. Geochemically, NO3 concentrations are primarily caused 
by anthropogenic activities while SO4 can be caused by both anthropogenic and natural processes. 
The absence of SO4 in positive PC1 space and the presence of NO3 in both positive and negative 
PC1 (Figure 29), as well as the near orthogonality between NO3 and SO4 rays, indicate that there 
may be separate processes controlling their release in groundwater. Upon closer scrutiny, all 




population density sites, plot in the upper left quadrant (negative PC1, positive PC2- high relative 
SO4 and NO3).  
Compositional biplot interpretation and spatial analysis of SO4 and NO3 suggest distinct 
anthropogenic sources/processes controlling their concentrations. NO3 concentrations appear to 
be the result of localized waste infiltration processes (i.e., human and or animal manure). By 
contrast, distinct urban water-cycling processes associated with roads, gasoline, and other 
industrial activities, which mainly occur in cities, appear to be controlling the release of SO4.  
Important information in biplots of compositional data is also contained in the links and 
lines between ray vertices (Aitchison and Greenacre, 2002). For example, the vertices of Na Mg, 
and SiO2 fall on a straight line, indicating that they may be controlled by a single process (Figure 
29). The near orthogonality of SiO2 and NO3 rays indicate that they may be controlled by 
unrelated processes. This conforms with the geochemical understanding of the study area--NO3 is 
caused by anthropogenic processes, while silica is likely controlled by silicate weathering, which 
would also contribute Na and Mg if aluminosilicates such as Na-rich feldspars and/or Mg-rich 
micas are present. 
Cluster analysis was used to classify samples based on their chemical similarity. Clusters 
1 and 2 exhibit the greatest spatial coherence (Figure 34). It is evident that the most spatially 
constrained clusters are also those with the highest ionic contents. Differences in ionic 
concentrations at higher clusters are more likely to represent real physical phenomena. By 
contrast, differences that partition lower ionic-strength waters are smaller and may result from 
less cumulative geochemical processes. In many ways, the cluster analysis corroborates robust 
CoDa PCA results, strengthening the interpretation while providing several useful insights. Urban 
groundwaters (Cluster 4) are clearly distinct from all other groundwaters and are defined by high 
dissolved solids, and specifically high SO4 concentrations. The low relative NO3, SO4, and Cl 




high SiO2 and high relative conductivity (relative to other clusters) suggest that water-rock 
interaction is likely influencing chemistry. Eight of the 10 wells belonging to Cluster 2 occur in a 
NW-SE trending belt located between 2-8 km from the coast where the dominant geological 
feature is unconsolidated sandy sediments. The abundance of silica sands would account for the 
high mean SiO2 concentration of group 2 (Figure 34 and Figure 6). The relatively high abundance 
of younger Si-rich diabase intrusives in this zone, as well as the greater total depth (x̄=28.4 m, 
med=35 m) of wells, may also be factors contributing to the relatively high SiO2 contents in 
Cluster 2. Clusters 1 and 3 both represent very low ionic-strength waters. However, Cluster 3 also 
represents waters with high NO3 as compared with the other clusters (except Cluster 4). This 
further indicates that NO3 is widespread, occurring as the result of localized processes allowing 
the infiltration of human waste, animal waste, and/or fertilizers. 
5.2 Biogeochemistry 
The correlation between total depth and alpha diversity (Chao1 index) helps to resolve 
some of the apparent lack of horizontal spatial autocorrelation observed in the richness estimates 
(Figure 45). Nonetheless, the depth-diversity regression is controlled by a group of high alpha 
diversity outliers that occur in the shallowest groundwaters (Figure 46). Therefore, the E. coli 
field test results were used as proxy for surficial connection to the water table. Groundwater 
samples that tested positive for E. coli indicate a rapid connection between the surface and 
groundwater, which is likely dependent on total depth of well and or a failure in the well 
seal/casing. The findings show Chao1 alpha diversity to be significantly greater (p=0.01) in E. 
coli positive groundwaters (generally shallower) and therefore suggest that surficial inputs are 
influencing alpha diversity (Figure 47).  
The positive relationship between E. coli and alpha diversity appears to be contradictory 
to other studies that have found microbial alpha diversity to decrease with E. coli abundance in 




positive relationships encountered are caused by the collinearity between E. coli and the degree of 
surficial connection rather than microbial inter-taxa dynamics. These relationships along with the 
null relationship between conductivity or TDS and depth, and general low ionic strength of 
waters, indicate that surficial inputs, both from natural biogeochemical processes and 
anthropogenic contamination, are influencing overall microbial diversity. 
Biogeochemical relationships suggested by vector and spline fitting corroborate the role 
of surficial inputs as major drivers of microbial community composition in the study area. 
Increased NO3, Cl, conductivity and pH likely results from anthropogenic processes and are all 
highly correlated with shifts in microbial community structure (Figure 43). Seawater mixing may 
also be impacting Cl concentrations along the coast. The distance of well from the coast is highly 
correlated with shifts in microbial community composition (p=0.004, R2=0.69), and the highest 
dissolved solids and Cl concentrations are observed in the most coastal well (well 15). As 
discussed earlier, atmospheric CO2 is likely a natural driver of pH and microbial community 
structure in the study area. The tight clustering of three of the deepest wells with the highest SiO2 
concentrations in NMDS ordination (2, 23 and 11), suggest that a decline in surficial inputs due to 
greater depth is impacting the microbial community structures. The Gallionaceae family, 
members of which are known to be involved in Fe-oxidation, were found in greatest abundance in 
wells 2, 11, and 3, which also had the greatest SiO2 and Fe concentrations. The high Fe and SiO2 
groundwaters and distinct microbial communities may indicate mixing with a deeper source of 
older groundwater in the fractured aquifer. 
 Although groundwater ages were not analyzed in this study, Ben Maamar et al. (2015) 
also reported unique microbial community compositions partitioned between shallow NO3-rich 
groundwaters and Fe-rich deeper groundwaters, and observed the increased abundance of family 
Gallionaceae in the deeper zones of the fractured aquifers in France. The increased abundance of 




oxidation. The linear relationship between NMDS1 and pH (Figure 43 and Figure 51) suggests 
that pH is driving community structure shifts along NMDS1 and/or that biogeochemical reactions 
may be influencing pH. Several recent studies have also found pH to be a strong predictor of 
microbial community compositions in soils (Hallin et al., 2009; Fierer and Jackson, 2006). 
Geochemical inputs from surficial sources are proposed as the most influential factors 
affecting microbial diversity and community structure. Atmospheric CO2, which impacts pH and 
anthropogenic inputs of NO3 and Cl, along with possible impacts from seawater mixing appear to 
be driving community structure in the shallow wells and increasing alpha diversity. Groundwaters 
with less connection to the surface (negative E. coli field results and generally deeper wells) 
support significantly lower alpha diversity communities and show unique microbial community 
structures. This conforms with the geochemical analysis (section 5.1), which implicates surficial 
inputs (largely anthropogenic and atmospheric) as being responsible for the majority of chemical 
variability in the data set. In the chemically leached tropical system where geogenic nutrients and 
groundwater residence times are highly constrained, it appears that surficial inputs and shallow 
zone biogeochemical activities largely overpower the induced effect of regional environmental 
variables. However, in the few cases of deeper wells, increased Fe and SiO2, which appear to be 
impacting microbial community structure, may be adduced to geogenic processes. 
5.3 Microbial Contamination 
The WHO estimates that more than 3.4 million people die from water-associated diseases 
every year. Approximately 50 % of these deaths are attributed to microbial intestinal infections. A 
disproportionate number of those deaths are people living in developing countries and, in 
particular, children under the age of five (WHO, 2014). The combination of both standard E. coli 
FIB and 16S rDNA to explore pathogenic contamination proved valuable. E. coli DST 
highlighted the widespread problem of microbial contamination, while 16S sequencing identified 




and sources. This research also informs the discussion regarding the use of these new tools in 
water-quality monitoring from a WASH perspective. 
5.3.1 E. coli Field Test 
The WHO guideline value and US EPA standard for E. coli is 0 CFU/100 ml. In the field 
laboratory, only10-ml of water were analyzed for each well using the Colilert DST field test. 
Thus, negative results cannot affirm that E. coli would be absent in 100 ml of water. However, a 
positive Colilert result indicates a minimum of 1 CFU/10ml, the presence of recent fecal 
contamination, and a significant risk to human health.  
The high proportion (39 %) of E. coli positive wells in the study implicates microbial 
contamination as the most significant water-quality issue in the region. The dispersed pattern of 
E. coli contamination (Figure 35) occurring in both rural and urban areas suggests that 
contamination is associated with localized processes and activities rather than regional 
differences. Sources of fecal contamination include latrines, open defecation, and animal waste. 
Surface water containing fecal material from open defecation or flooded pit latrines can transport 
contamination near the wellhead, where it can infiltrate and contaminate the well. Shallow wells 
are also susceptible to contamination from lateral flow of groundwater from pit latrines.  
The significant relationship between total well depth and probability of E. coli 
contamination conforms with preexisting knowledge of fecal transport (Figure 36). Although total 
depth was utilized, screen depth in drilled boreholes with installed casing more accurately 
represents the depth of water entering the well. However, since screen depth data were less 
consistent across sampling sites, total depth was used as a proxy for water-source depth. The 
analysis of 175 borehole logs for wells drilled in Liberia revealed that the bottom of the screen 
typically extends to 2 m above total drilled depth, indicating that this approach is reasonable. 




Deeper wells have increased buffering transport to microbial contamination for several 
reasons. The lithological medium can act as natural water filter or in some cases a barrier to 
transport; the greater distance to well intake requires increased transport of contaminant load; and 
deeper wells may be tapping a deeper and cleaner source of water that could dilute contamination 
even in an unlined borehole. 
In addition to logistical modeling, which revealed a 13% decrease in the probability of E. 
coli for every meter drilled (Figure 36), no wells dug deeper than 22 m tested positive for E. coli 
using the Colilert DST test (Figure 37). Interestingly, borehole logs indicate that the average 
depth to fractured bedrock in the study area is 22 m (median= 20 m). While the gradual decrease 
in contaminated well percentage with total depth at shallower depths may be attributed to a 
natural filtration/attenuation processes, the sharp decline at 22 m suggests the occurrence of an 
impermeable barrier layer and/or a cleaner source of water in the fractured rock. The analysis of 
borehole logs indicates that the sharp decline in E. coli is associated with the penetration of 
boreholes into the fractured crystalline rock. An assumed increase in transmissivity in the 
fractured rock would favor a dilution/flushing scenario in which the effects of fecal 
contamination would be reduced as an increased flow would either dilute contamination or 
quickly remove it from the system. Although these results are compelling, they could also be 
caused by collinearity with an unmeasured borehole construction function. Simply put, deeper 
wells require a greater financial investment and, with greater financial investment, improved 
construction design and protection are more likely.  
The high rates of E. coli contamination encountered are similar to the results of the 2012 
World Bank water quality study in Monrovia, which found E. coli contamination in 56% of 
groundwaters sampled (Uhl et al., 2012). However, the current study area extends beyond the 
urban/peri-urban environments into rural communities and indicates the widespread nature of the 




regolith/superficial aquifer, to anthropogenic contamination. They also highlight the importance 
of borehole design and construction. Results further substantiate borehole-siting strategies that 
target the fractured crystalline rock interface from not just a physical but also a biological 
perspective. 
5.3.2 Pathogen-Associated Taxa  
The method (section 3.1.3) to collect and preserve microbial DNA from groundwater 
without electricity or refrigeration was successful and yielded high-quality DNA sequences. The 
demonstrated stability of preserved 16S rDNA reduces the need for dry ice and overnight 
shipment and could vastly lower the cost of analysis, which makes this type of research more 
feasible in developing nations. These findings have demonstrated that with the use of a simple 
preservative and aseptic technique, high quality DNA can be collected and preserved in remote 
tropical field conditions without electricity. To the best of our knowledge, at the time of this 
writing, the field technique using DNAgard (Biomatrica) has not been utilized in any other 
microbial water-quality studies.  
Numerous OTUs with affiliations to known pathogens were identified to the genus and 
species levels. It was beyond the scope of this research to filter the data set for every known 
pathogenic organism. However, several well-known and significant water-borne pathogens were 
investigated. Although it is difficult to assign health risk to findings, the analysis does provide a 
wealth of information unattainable from culture-based E. coli-tests alone. 
Family Enterobacteriaceae are associated with the intestinal tracts of mammals. 
Numerous members of the Enterobacteriaceae including Klebsiella, Salmonella, Enterobacter, 
Serratia, Hafnia and E. coli have been shown to be pathogenic and are responsible for a wide 
variety of illness and infections. Salmonella Enterica is a common cause of typhoid fever and was 
found in wells 7, 23, 30, 32, and 44 (Figure 53). In addition to typhoid, Salmonella is a leading 




et al. (2013) found that 9 % of 283 children under the age of five being treated for acute diarrhea 
in Ouagodougo, Burkina Faso were infected with Salmonella. 
There are several plausible explanations for the higher detection rate of E. coli (100 %) 
from sequencing vs. field methods (33 %). Sequencing detects the presence of DNA rather than 
just live microbes, while the field E. coli test is based on enzymatic activity. Further, E. coli has 
been shown capable of switching to the VBNC state. Therefore, sequencing would result in 
higher detection if nonliving or VBNC E. coli DNA were present in the water samples. 
Additionally, the greater volume of water processed for DNA sequencing (~2 L vs. 10-ml) would 
increase the likelihood of E. coli presence in the DNA samples. 
Bacteroides spp. have long been considered as a potential new fecal indicator tool 
(Fiksdal et al., 1985). While fecal coliforms such as E. coli comprise only a small fraction of fecal 
flora and can survive in both aerobic and anaerobic environments (facultatively anaerobic), many 
Bacteroides spp. are strictly anaerobic and are among the most prevalent bacterial genera in the 
mammalian gut. Therefore, Bacteroides spp. have been proposed as an improved indicator of 
recent fecal contamination since they are less likely to survive outside of the host intestine. 
Nonetheless, the difficulty associated with the culturing of anaerobic bacteria has stifled their use 
as FIB. However, the advance of culture-independent techniques has made their detection and 
identification possible.  
The relatively high abundances of Bacteroides spp. in wells 44, 7, 15, and 3 suggest 
recent fecal contamination. E. coli field results and sequence abundances suggest fecal 
contamination is present at the same wells with the exception of well 3. This discrepancy may be 
caused by the much higher abundances of Bacteroides spp. in fecal material and suggests that the 
genus Bacteroides may be a more sensitive FIB than E. coli. Additionally, the identification of 
Bacteroides fragilis, the most commonly isolated anaerobic pathogen (Wexler, 2007), in well 44 




B. fragilis is the only known bacterium with the independent capability to cause abscess 
formation. However, B. fragilis is commonly found in a variety of polymicrobial infections 
including abdominal sepsis (most common) and gangrenous appendicitis (Wexler, 2007). 
Bacteroides spp. have also been shown to display a high degree of host specificity and 
therefore have been utilized as host-specific genetic markers in numerous microbial source 
tracking studies (Bernhard and Field, 2000a, 2000b; Leila Kabiri-Badr, 2012). Although 
sequences were limited to approximately 292 base pairs per sequence, the high level of sequence 
similarity (>97 %) between Bacteroides spp. and human genetic marker (HF183), identified by 
querying the NCBI BLAST database, implicates human feces as a source of contamination at 
well 44.  
Campylobacter jejuni, one of the leading causes of gastroenteritis in the world and the 
number one cause of diarrheal illness in the United States (CDC, 2015), was identified in wells 44 
and 11 (Figure 54c). Infections from C. jejuni occur more frequently than E. coli, Shigella, or 
Salmonella cases. Additionally, once transported into water, Campylobacter bacteria can 
transition the VBNC state (Schallenberg et al., 2005). It is transmitted via the fecal-oral route and 
animals, in particular poultry and wild birds, are thought to be important reservoirs of the bacteria 
(WHO, 2011). Common symptoms are diarrhea, bloody stool, and abdominal cramps that 
generally last up to one week. However, patients occasionally experience relapsing symptoms for 
longer periods. 
The presence of C. jejuni in groundwaters from wells 44 and 11 suggests a possible non-
human source of fecal load. Given the geographic setting of well 11 in rural Margibi County, the 
presence of contributing animal livestock is likely. Sources of C. jejuni near well 44 are unknown 
given the inherent urban complexities. Nonetheless, animal and poultry husbandry are still likely 
to occur. Arcobacter cryaerophilus was encountered in much greater abundances than C. jejuni in 




has also been recognized as pathogenic and associated with enteritis and bacteremia (Tee et al., 
1988; Kiehlbauch et al., 1991). 
Vibrio fluvialis, identified in several groundwater samples throughout the study area and 
shown to be the dominant Vibrio genus OTU in all samples (Figure 52a and Figure 52c) has been 
identified as an emerging food and waterborne pathogen that poses a serious global public health 
issue. It is closely related to V. cholerae and causes cholera-like symptoms such as diarrhea, 
vomiting, fever and abdominal pain. Chikahira et al. (1988) and Wall et al. (1984) found that 
several strains of V. fluvialis produced an enterotoxin indistinguishable from cholera toxin. 
However, Huq et al. (1980) found a higher occurrence of bloody stools associated with V. 
fluvialis than V. cholerae in addition to wound septicemia. V. fluvialis is commonly found in 
coastal environments, occurs widely in estuaries and brackish waters, has been shown to 
proliferate in areas of poor sanitation with fecally-contaminated water, and is also associated with 
contaminated seafood products. In Toulon Harbor, France, an increase in the identification rate of 
V. fluvialis has been attributed to rises in sea temperature (Martin and Bonnefont, 1990) 
Additionally, like many of the Vibrio genus, V. fluvialis has been shown to exist in the VBNC 
state (Amel et al., 2008). 
Clostridium perfringens, a known pathogen, was identified in several groundwaters, most 
notably, well 30. Most C. perfringens outbreaks are caused by food poisoning and the digestion 
of undercooked meats. Symptoms include abdominal pain and diarrhea. C. perfingens are strictly 
anaerobic and commonly associated with fecal waste (Payment, 1991). Additionally, it is a flesh-
eating bacterium that grows on rotting corpses. For this reason, (Ladel et al., 2008), attributed its 
presence in groundwater to leachate contamination from burial grounds. The identification of C. 
perfringens in various wells, specifically well 30, indicates another potential health risk not 




The Enterococcaceae family contains a wide range of bacterium associated with the 
intestine of a variety of mammal, birds and reptiles. Groundwaters are not a natural environment 
for Entercocci bacteria and, therefore, their presence is typically an indicator of recent fecal 
contamination. The most common Enterococci human marker, E. faecilis was not identified 
(Cabral, 2010). However, E. cecorum was the most abundant identified species in the analyzed 
groundwaters (Figure 56) and, is the dominant bacterium in the intestine of many birds (Cabral, 
2010). Therefore, results suggest possible avian fecal contamination in groundwater. The warm 
climate and soil temperatures in Liberia could foster the growth of E. cecorum, which could then 
be transported to the groundwater (Byappanahalli et al., 2012). Domesticated chickens and a 
















6 Social Impact 
While this study only provides a snapshot in time of water-quality conditions at the 
specific wells sampled, the analysis of microbial and chemical data has identified risks to public 
health and contributed to the improved understanding of water-quality constituents and controls 
in the study area. Additionally, a vast collection of pertinent hydrological information including 
geologic maps, satellite imagery, well logs, water-quality data, and well coordinates were collated 
into databases. The creation of databases to store these data is critical because of the lack of 
centralized water-resource information in Liberia. A database with over 6,000 mapped wells, 
more than 200 borehole logs, and water-quality analyses from this research, and the World Bank 
2011 study has been generated.  
Although chemical water quality was generally good from a drinking water perspective, 
NO3, As, and Pb were observed at concentrations greater than WHO thresholds in several wells 
and therefore indicate a risk to public health. Maps of geochemical concentrations of NO3, Pb and 
As, highlighting wells that exceed WHO thresholds have been provided to the MoHSW (Figure 
14). 
Since the end of the last civil war, the Liberian mining sector has experienced rapid 
growth. Unregulated mining pose a serious threats to water quality and thus, human health 
(Wilson et al., 2017;GoL, 2014). The rehabilitated Nimba iron mine is expected to produce 150 
million tons of waste rock in the next 20 years, while the New Liberty gold mine is expected to 
discharge 9.4 million Mm3 of water from its tailings storage facility into surrounding surface 
water annually (AcerlorMittal Liberia Limited, 2013; Aureus Mining, 2014). The naturally 
occurring low pH groundwater could greatly accelerate acid mine drainage and increase 
contamination.  
Corrosion of galvanized iron (GI) borehole/handpump components by low pH waters can 




quality degradation in developing countries. Although guidelines for Fe are based on aesthetics, 
water discoloration and unpleasant taste can lead populations to choose unsafe water sources. 
Langenegger (1987) estimated that in southern and central Ghana, borehole corrosion was 
directly or indirectly linked to the 66 % of handpump breakdowns. Although corrosion of GI 
components in boreholes by aggressive waters has been well documented, recent research 
indicates that Fe contamination from corrosion of GI is still a significant water-quality issue 
around the world (Casey et al., 2016; Furey, 2014). pH values below 6 are deemed to be highly 
aggressive and the use of GI riser pipes in borehole construction is not recommended when pH 
values are below 6.5 (Langenegger, 1987). Given the low pH of waters encountered in this study, 
corrosion resistant alternatives (i.e. stainless steel and PVC) should be utilized. 
Widespread fecal contamination of groundwater drinking supplies implicate microbial 
contamination as the most significant water-quality risk to human health in the study area. Unlike 
chemical contamination (except in extreme cases), microbial contamination can result in acute, 
life-threatening symptoms. Therefore, results of field E. coli tests (obtained within 24 hours of 
sampling) were immediately communicated to well caretakers or contact persons by the MoHSW. 
A map was generated to show all E. coli field test results and provided to the MoHSW. While 
there is no “silver bullet” to prevent microbial contamination, this research has demonstrated that 
total depth of well drilled should be one of the many factors considered when constructing 
boreholes. The penetration of the borehole into the fractured crystalline hard rock is posed as a 
possible explanation for the disappearance of E. coli contamination at 22 m depth. Further 
investigations into this relationship should be prioritized as they could have broad impacts for 
groundwater development. Along with increased investment in drilling to reach greater target 
depths, larger investments in borehole construction (screens, casing, seals) would help to mitigate 




Water quality results suggest an increased public health burden in the West Point area of 
Monrovia. Recent fecal contamination was indicated for all wells and two of the three wells 
exceeded WHO thresholds for both NO3 and As. Alternative water sources should be tested in 
hopes of finding safer alternatives, but research suggests that the contamination of groundwater is 
pervasive in this area (Runkle et al., 2012; Uhl et al., 2012). Additionally, the identification of V. 
fluvialis and poor sanitary conditions substantiates the risk of disease outbreak in West Point 
documented by Runkle et al. (2012). While an in-depth water-quality study within West Point is 
necessary to inform future decisions, it is likely that a complete overhaul of existing water and 
sanitation distribution systems is necessary to assure safe drinking water in the region. 
Results from this research highlight the vulnerability of shallow aquifers in Liberia to 
contamination and call for an increased investment in water supply infrastructure and enhanced 
monitoring of chemical and microbial constituents throughout the country. The collaboration 
between the MoHSW and DRI provides a unique opportunity to further build upon the resources 














Hydrogeochemical and microbial constituents were measured and analyzed to 
characterize groundwater quality characteristics of wells sampled during October 2016 in and 
around the counties surrounding Monrovia, Liberia. Major ion and trace element analyses were 
utilized to investigate geochemical processes, while E. coli and microbial DNA sequencing were 
used to address microbial contamination and biogeochemical processes. 
Fecal contamination of drinking water supplies was identified as the greatest water-
quality- associated threat to public health in the study area. The decrease in probability of fecal 
detection with greater total well depth may be attributed to attenuative subsurface processes, a 
distinct and deeper source of water, and/or improved design and construction of deeper drilled 
boreholes. NO3, As, and Pb concentrations found above WHO guideline values in several wells 
also indicate a public health risk. While NO3 concentrations are attributed to localized infiltration 
of human and/or animal waste, which occurs throughout the study area, SO4 concentrations were 
associated with city wells impacted by not only waste infiltration, but also additional urban water 
cycling processes. 
The abundant tropical rainfall, shallow aquifer system, and heavily leached silicate 
terrain constrain residence times and limit water-rock dissolution processes. Therefore, variability 
in geochemical and microbial community structures are controlled primarily by surficial inputs, 
which are largely anthropogenic. The degree of connectivity between the surface and 
groundwater appears to directly affect geochemical relationships, microbial alpha diversity, and 
community structure. Results suggest that a deeper source of potentially older groundwater with 
distinct microbial and chemical properties may occur in the fractured crystalline basement. 
However, additional studies are necessary for further validation. 
Microbial DNA analysis, which identified many pathogen- and human-gut-associated 




presence-absence test results alone. The method to collect and preserve microbial DNA under 
remote field conditions investigated and outlined in this paper represents a practicable path that 
may help to lower the costs and extend the reach of future studies. The identification of a wide 
diversity of pathogen-associated taxa to the genus and species level validates the utility and 
promise of the evolving technology to WASH sector applications. While it is currently difficult to 
quantify health risks to results, research linking health outcomes to specific genetic markers 
combined with the increased use of DNA sequencing in water-quality studies has the potential to 





















Table 5: Major ion concentrations of all water samples. All units are reported as mg/L (ppm). 
WHO GVs provided (brackets indicate GVs for which no official health-based threshold has been 
set). All concentrations above WHO GVs are indicated in bold. 
      Major Ions: Ca Mg Na K HCO3 SO4 Cl NO3-N F Si-SiO2 
    
  
WHO Guideline: Value     [200]       [250] 11 1.5   
Sample Longitude Latitude pH (lab)                     
1 -10.618 6.38131 7.95 66.34 1.12 2.52 1.52 117.31 62.2 2.89 1.82 < 0.02  10.14 
2 -10.6839 6.27618 7.61 7.26 4.15 8.41 5.95 51.23 12.27 2.93 0.12 < 0.02  122.23 
3 -10.6729 6.25588 6.61 3.6 1.2 3.3 < 0.55  15.12 < 0.2  1.86 1.32 < 0.02  12.62 
4 -10.6574 6.31761 7.87 15.95 11.6 4.83 1.05 111.84 3.88 1.73 < 0.01  < 0.02  90.21 
5 -10.6686 6.31523 6.24 0.77 < 0.5  0.91 0.79 2.81 0.35 1.92 < 0.01  < 0.02  13.48 
6 -10.6772 6.26777 7.29 7.99 < 0.5  3.73 1.19 14.36 2.61 4.39 2.78 < 0.02  3.79 
7 -10.6685 6.33772 6.5 5.4 < 0.5  1.5 < 0.55  13.42 < 0.2  1.27 0.97 < 0.02  6.2 
8 -10.6742 6.33988 7.52 18.88 0.87 3.39 0.97 62.74 3.2 2.03 0.07 < 0.02  19.3 
9 -10.6634 6.29635 7.19 12.84 0.92 2.88 < 0.55  35.34 2.05 3.73 1.97 < 0.02  7.7 
10 -10.6564 6.29231 6.34 4.6 0.7 3.2 < 0.55  18.71 < 0.2  2.24 1.19 < 0.02  8.34 
11 -10.1593 6.58277 7.74 29.79 4.66 19.51 2.26 154.23 4.97 1.87 < 0.01  < 0.02  92.56 
12 -10.1528 6.60042 5.07 2.34 1.02 4.89 0.99 1.7 < 0.2  2.33 5.35 0.36 9.07 
13 -10.1696 6.58095 5.19 2.4 0.8 5.9 1.9 1.06 < 0.2  3.58 4.98 0.04 15.83 
14 -10.7676 6.28022 6.92 14.86 3.1 13.55 5.17 17.23 19.41 16.65 7.35 < 0.02  9.65 
15 -10.8038 6.32842 8.01 78.7 9.3 61.8 17.7 279.98 59.66 47.43 1.86 < 0.02  20.32 
16 -10.7129 6.29156 4.69 0.97 < 0.5  5.17 < 0.55  0.17 < 0.2  4.67 2.58 0.03 3.14 
17 -10.6043 6.37835 6.89 6.94 < 0.5  1.72 0.73 16.1 1.33 4.06 0.74 0.72 5.37 
18 -10.3613 6.24729 6.61 7.9 0.8 2.5 2.2 21.68 3.31 4.05 0.97 < 0.02  44.92 
19 -10.5238 6.23159 8.17 10.9 6.91 18.73 1.75 101.64 5.34 3.78 0.24 < 0.02  46.81 
20 -10.5238 6.23118 7.98 38.39 9.81 27.71 2 209.9 9.02 8.24 0.07 < 0.02  58.1 
21 -10.7728 6.41598 7.51 7.58 4.19 6.8 1.55 55.36 3.66 1.83 0.19 0.03 39.53 
22 -10.7697 6.41572 7.63 27.05 1.51 2.01 < 0.55  82.5 6.98 2.23 0.5 0.2 2.97 
23 -10.7126 6.44565 7.64 22.35 4.68 5.94 0.72 91.73 4.24 3 0.25 0.17 35.19 
24 -10.7126 6.44559 6.7 0.82 < 0.5  1.42 < 0.55  4.5 0.21 1.89 0.12 0.1 9.03 
25 -10.7694 6.41671 7.74 13.69 < 0.5  2.47 1.64 38.24 2.24 2.4 1.54 < 0.02  6.63 
26 -11.0635 6.6623 5.8 5.4 1 8.8 2.5 3.98 < 0.2  6.11 7.13 0.03 3.42 
27 -11.0777 6.67772 7.29 4.2 1.39 4.6 1.49 9.62 < 0.2  4.9 3.17 < 0.02  8.02 
28 -10.9758 6.71409 6.28 1.13 < 0.5  3.31 < 0.55  1.64 < 0.2  2.01 2.1 < 0.02  8.88 
29 -10.8777 6.66649 7.14 4.21 < 0.5  1.38 < 0.55  8.19 0.57 1.79 1.66 < 0.02  5.26 
30 -10.8526 6.53708 5.68 1.11 0.8 5.07 < 0.55  0.17 < 0.2  4.09 3.12 < 0.02  4.9 
31 -10.4597 6.43552 7.42 8.03 0.69 6.89 1.05 13.71 < 0.2  7.97 3.61 < 0.02  5.11 
32 -10.5171 6.40051 7.02 6.51 1.14 2.58 < 0.55  16.73 < 0.2  2.56 2.33 < 0.02  11.32 
33 -10.6063 6.42776 7.61 14.18 < 0.5  1.32 < 0.55  41.1 2.79 1.58 0.42 < 0.02  7.38 
34 -10.636 6.36379 6.78 1.92 0.81 2.82 0.73 5.05 < 0.2  3.98 1.33 < 0.02  11.57 




36 -10.1456 6.72674 7.27 7.72 0.74 3.77 < 0.55  13.32 0.69 3.27 4.16 < 0.02  4.41 
37 -10.1776 6.70819 6.4 1.88 0.63 4.16 1.53 3.02 < 0.2  3.74 3.15 < 0.02  11.81 
38 -10.1988 6.69113 7.24 2.18 < 0.5  2.73 0.9 11.5 0.81 1.61 0.32 < 0.02  16.34 
39 -10.1988 6.69113 6.49 14.1 1.4 8.1 1.6 17.49 < 0.2  3.7 10.76 < 0.02  4.71 
40 -10.4042 6.48249 6.73 4.27 < 0.5  1.75 < 0.55  9.85 < 0.2  1.57 1.16 < 0.02  5.24 
41 -10.5835 6.39406 6.89 3.25 2.44 4.65 < 0.55  6.11 0.21 4.64 4.75 < 0.02  10.23 
42 -10.8064 6.32731 8.1 61.76 9.15 89.05 18.49 155.44 75.04 75.56 28.6 0.09 17.56 
43 -10.8065 6.32736 8.05 52.72 6.83 62.09 20.51 124.41 52.81 49.44 25.73 0.06 19.32 
44 -10.7978 6.30646 6.75 16.25 1.51 12.58 3.53 9.96 25.56 12.16 5.98 < 0.02  4.41 
45 -10.7649 6.28485 7.34 19.02 1.99 18.24 9.79 40.19 20.86 15.04 8.49 < 0.02  5.31 
46 -10.744 6.28455 7.35 13.08 0.65 5.38 1.87 20.06 6.28 5.9 4.29 < 0.02  4.17 
47 -10.0967 6.12912 5.61 3.39 0.75 5.83 0.99 0.94 < 0.2  3.35 5.59 < 0.02  2.42 
48 -10.1316 6.118393 7.06 7.5 1.64 2 0.71 29.78 2.37 1.99 0.28 0.03 14.4 
49 -10.3217 6.27353 7.96 33.68 1.22 2.67 2.63 100.66 5.13 1.64 1.12 0.08 17.82 
50 -10.5354 6.22468 6.94 8.91 1.66 6.33 < 0.55  19.94 1.42 8.84 2.45 < 0.02  9.41 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 58. Classical PCA scree plot 
 
 
Table 9 Robust PCA (CoDa) loadings (clr-back-transformed) 
Parameter Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 Comp.9 
Ca -0.0221 0.1396 0.5213 -0.2904 0.0672 0.0902 -0.4550 0.3829 -0.3970 
Mg 0.1479 0.0375 -0.2861 -0.0436 -0.6878 -0.2438 -0.4439 0.0018 0.2518 
Na 0.1568 -0.2766 -0.2086 -0.0622 -0.0865 0.3820 0.0069 -0.5475 -0.5462 
K 0.0195 -0.4508 0.4329 0.6868 -0.0387 -0.1740 0.0386 -0.0050 0.0633 
HCO3 -0.0629 0.3288 0.4157 -0.1598 -0.1712 0.4024 0.2907 -0.3014 0.4722 
SO4 -0.9103 -0.0408 -0.2118 -0.0403 0.0617 -0.1288 0.0150 -0.0382 -0.0334 
Cl 0.1172 -0.2506 -0.3743 0.0464 0.2593 0.5220 -0.0317 0.4954 0.3084 
NO3 0.2222 -0.3691 0.0437 -0.5631 0.1756 -0.4797 0.3494 0.0117 0.1106 
SiO2 0.1349 0.4694 -0.1801 0.2352 -0.1731 -0.1279 0.5393 0.3286 -0.3585 












Table 10 Vector Fitting Results. All parameters were log10 transformed and standardized prior to 
analysis (* ,**, *** indicate significance levels of <0.05, 0.01, and 0.001 respectively) 
Parameter NMDS1 NMDS2 r2 p value Sig. (*) 
Conductivity -0.89394 -0.44818 0.633197 0.020979 * 
WCL (well 
casing length) -0.1631 0.986609 0.644797 0.01998 * 
Pop. Density -0.72254 -0.69133 0.37402 0.13986   
Elevation  0.62406 0.781377 0.636616 0.011988 * 
Dist. Coast 0.556137 0.831091 0.692443 0.004995 ** 
Temp -0.99839 -0.05669 0.277865 0.292707   
pH (field) -0.99124 -0.1321 0.650249 0.020979 * 
Well total 
depth -0.04886 0.998806 0.412701 0.126873   
Ca -0.93053 -0.36622 0.451694 0.08991   
Mg -0.99944 -0.03337 0.594119 0.037962 * 
Na -0.85373 -0.52072 0.304236 0.224775   
K -0.95788 -0.28716 0.225222 0.354645   
HCO3 -0.97946 0.201623 0.620217 0.015984 * 
SO4 -0.97816 0.207836 0.263781 0.306693   
Cl -0.3804 -0.92482 0.489467 0.042957 * 
NO3 0.417739 -0.90857 0.71341 0.007992 ** 
SiO2 -0.70185 0.712324 0.832374 0.001998 ** 
Al 0.905772 -0.42377 0.574464 0.037962 * 
V -0.85847 -0.51286 0.65081 0.010989 * 
Cr 0.367006 -0.93022 0.099473 0.683317   
Mn 0.024583 0.999698 0.321668 0.224775   
Fe -0.59443 0.804145 0.196058 0.418581   
Co 0.833796 -0.55207 0.081439 0.748252   
Ni -0.26589 -0.964 0.05044 0.8002   
Cu 0.957517 -0.28838 0.109119 0.622378   
Zn -0.61307 0.790031 0.193148 0.40959   
Sr -0.97922 0.202789 0.415666 0.111888   
Mo -0.87588 -0.48254 0.507656 0.052947   
Cd 0.329388 -0.94419 0.368714 0.148851   
Sb 0.048176 -0.99884 0.238006 0.332667   
Ba 0.355021 0.934858 0.658112 0.018981 * 
Pb 0.822935 0.568136 0.202811 0.381618   
U -0.87378 -0.48633 0.594418 0.034965 * 
As -0.97054 -0.24093 0.550137 0.045954 * 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Water Quality Monitoring and Capacity Building Workshop Report 
In addition to the collection of water samples and data for this research, during the trip to 
Liberia, a five-day water quality monitoring workshop was led by DRI (Dr. Braimah Apambire 
and myself) in collaboration with the Liberian Ministry of Health and Social Welfare (MoHSW), 
the agency mandated to monitor water quality in Liberia. This week of educational sessions 
served to connect and equip a wide variety of water quality stakeholders with the resources to 
improve their water quality monitoring capacity.  
Held on October 20-25 at the MoHSW headquarters in Congo Town, Monrovia, Liberia, 
the workshop brought together staff from over 20 different public and private agencies to learn 
the basic issues of water quality monitoring. The structure and content had been previously 
designed by DRI to cover a range of themes from planning and implementation to technical field 
methods. Once in Liberia, the workshop was further tailored to place utmost importance on the 
involvement of the Liberian participants. Therefore, several local participants with expertise were 
selected from the MoHSW, the National Standards Lab, Fennel University, Firestone Plantation, 
Coca Cola, and the Liberia Water and Sewer Corporation and invited to lead various sessions. 
In addition to providing training to equip participants with a better understanding of 
water quality, links between the different entities of the water quality community were forged. An 
entire session was devoted to developing the way forward and exploring how the different 
interests could be leveraged to build water quality monitoring capacity in the country. This 










AcerlorMittal Liberia Limited, 2013, Environmental and Social Impact Assessment of the Nimba 
Western Area Iron Ore Concentrator Mining Project vol 1.: 
Acworth, R.I., 1987, THE DEVELOPMENT OF CRYSTALLINE BASEMENT AQUIFERS IN 
A TROPICAL ENVIRONMENT: QUARTERLY JOURNAL OF ENGINEERING 
GEOLOGY, v. 20, p. 265–272, doi: 10.1144/GSL.QJEG.1987.020.04.02. 
Aebischer, N.., Robertson, P.., and R.E, K., 1993, Compositional Analysis of Habitat use from 
Animal Radio Tracking Data: Ecology, v. 74, p. 1313–1325. 
Aitchison, J., and Greenacre, M., 2002, Biplots of compositional data: JOURNAL OF THE 
ROYAL STATISTICAL SOCIETY SERIES C-APPLIED STATISTICS, v. 51, p. 375–392, 
doi: 10.1111/1467-9876.00275. 
Akiwumi, F.A., 1997, The need for more widespread use of geological criteria in water quality 
assessment in Africa: FRESHWATER CONTAMINATION, v. 243, p. 359–365. 
Alsalah, D., Al-Jassim, N., Timraz, K., and Hong, P.-Y., 2015, Assessing the Groundwater 
Quality at a Saudi Arabian Agricultural Site and the Occurrence of Opportunistic Pathogens 
on Irrigated Food Produce: INTERNATIONAL JOURNAL OF ENVIRONMENTAL 
RESEARCH AND PUBLIC HEALTH, v. 12, p. 12391–12411, doi: 
10.3390/ijerph121012391. 
ALTSCHUL, S.F., GISH, W., MILLER, W., MYERS, E.W., and LIPMAN, D.J., 1990, BASIC 
LOCAL ALIGNMENT SEARCH TOOL: JOURNAL OF MOLECULAR BIOLOGY, v. 
215, p. 403–410, doi: 10.1006/jmbi.1990.9999. 
Amel, B.K.-N., Amine, B., and Amina, B., 2008, Survival of Vibrio fluvialis in seawater under 
starvation conditions: MICROBIOLOGICAL RESEARCH, v. 163, p. 323–328, doi: 
10.1016/j.micres.2006.06.006. 
Apambire, W.., 2000, Geochemical modeling and geochemical implications of fluoriferous 
groundwaters in the Upper East Region of Ghana: Unpublished dissertation: University of 
Nevada, Reno, 150 p. 
Appelo, C., J, A., and Postma, D., 2004, Geochemistry, groundwater and pollution: 
Aureus Mining, 2014, ESIA update for the new liberty gold mine in Liberia: ESHS submission 
and update specialist reports.: 
Berner, R.., 1971, Principles of chemial sedimentology: New York, McGraw-Hill, 240 p. 
Bernhard, A.E., and Field, K.G., 2000a, A PCR assay to discriminate human and ruminant feces 
on the basis of host differences in Bacteroides-Prevotella genes encoding 16S rRNA: 
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, v. 66, p. 4571–4574, doi: 
10.1128/AEM.66.10.4571-4574.2000. 
Bernhard, A.E., and Field, K.G., 2000b, Identification of nonpoint sources of fecal pollution in 
coastal waters by using host-specific 16S ribosomal DNA genetic markers from fecal 
anaerobes: APPLIED AND ENVIRONMENTAL MICROBIOLOGY, v. 66, p. 1587–1594, 
doi: 10.1128/AEM.66.4.1587-1594.2000. 
Boaventura, G.R., and De Freitas, A.L.S., 2006, Inorganic parameters as water quality indicators 
in acidic groundwater in a Tropical Region - Brasilia-DF (Brazil): WATER AIR AND SOIL 
POLLUTION, v. 171, p. 135–151, doi: 10.1007/s11270-005-9023-8. 
Bonkoungou, I.J.O., Haukka, K., Osterblad, M., Hakanen, A.J., Traore, A.S., Barro, N., and 
Siitonen, A., 2013, Bacterial and viral etiology of childhood diarrhea in Ouagadougou, 
Burkina Faso: BMC PEDIATRICS, v. 13, doi: 10.1186/1471-2431-13-36. 
Von Bromssen, U., 1989, Acidification trends in Swedish groundwaters. Review of time series 
1950-85.: 




compositional data analysis: MATHEMATICAL GEOLOGY, v. 37, p. 703–727, doi: 
10.1007/s11004-005-7376-6. 
Budy, F.C.T., 2015, Policy Options for Addressing Health System and Human Resources for 
Health Crisis in Liberia Post-Ebola Epidemic: International journal of MCH and AIDS, v. 4, 
p. 1–7. 
Byappanahalli, M.N., and Fujioka, R.S., 1998, Evidence that tropical soil environment can 
support the growth of Escherichia coli: WATER SCIENCE AND TECHNOLOGY, v. 38, p. 
171–174, doi: 10.1016/S0273-1223(98)00820-8. 
Byappanahalli, M.N., Nevers, M.B., Korajkic, A., Staley, Z.R., and Harwood, V.J., 2012, 
Enterococci in the Environment: MICROBIOLOGY AND MOLECULAR BIOLOGY 
REVIEWS, v. 76, p. 685–706, doi: 10.1128/MMBR.00023-12. 
Cabral, J.P.S., 2010, Water Microbiology. Bacterial Pathogens and Water: INTERNATIONAL 
JOURNAL OF ENVIRONMENTAL RESEARCH AND PUBLIC HEALTH, v. 7, p. 3657–
3703, doi: 10.3390/ijerph7103657. 
Cand`es, X.L., Ma, Y., and Wright, J., 2009, Robust Principal Component Analysis? 
Caporaso, J.G., Bittinger, K., Bushman, F.D., DeSantis, T.Z., Andersen, G.L., and Knight, R., 
2010, PyNAST: a flexible tool for aligning sequences to a template alignment: 
BIOINFORMATICS, v. 26, p. 266–267, doi: 10.1093/bioinformatics/btp636. 
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., 
Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, D., 
Koenig, J.E., et al., 2010, QIIME allows analysis of high-throughput community sequencing 
data: NATURE METHODS, v. 7, p. 335–336, doi: 10.1038/nmeth.f.303. 
Casey, V., Brown, L., Carpenter, J., Nekesa, J., and Etti, B., 2016, The role of handpump 
corrosion in the contamination and failure of rural water supplies: Practical Action 
Publishing, doi: https://doi.org/10.3362/1756-3488.2016.006. 
Caslow, R.., Robins, N.., MacDonald, A.., D.M.J, M., Gibbs, B.., Orpen, W.R.., Mtembezeka, P., 
Andrews, A.., and Appiah, S.., 1997, Groundwater management in drought prone areas of 
Africa: International Journal of Water Resources Development, v. 13, p. 241–261. 
Centers for Disease Control and Prevention (CDC), 2015, Campylobacter and Drinking Water 
from Private Wells:, 
https://www.cdc.gov/healthywater/drinking/private/wells/disease/campylobacter.html 
(accessed January 2017). 
Centers for Disease Control and Prevention [CDC], 2016, 2014 Ebola Outbreak in West Africa:, 
https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/ (accessed January 2016). 
Chikahira, M., and Hamada, K., 1988, Enterotoxigenic substance and other toxins produced by 
Vibrio fluvialis and Vibrio furnissii: Jpn. J. Vet. Sci., v. 50, p. 865–873. 
Chilton, P.J., and Foster, S.S.D., 1995, Hydrogeological Characterisation And Water-Supply 
Potential Of Basement Aquifers In Tropical Africa: Hydrogeology, v. 3, p. 36–49, doi: 
10.1007/s100400050061. 
Conti, K.L., Velis, M., Andreas, A., and Nijsten, G.-J., 2016, Groundwater in the Context of the 
Sustainable Development Goals: Fundamental Policy Considerations: Brief for GSDR – 
2016 Update,. 
Craun, G.F., Brunkard, J.M., Yoder, J.S., Roberts, V.A., Carpenter, J., Wade, T., Calderon, R.L., 
Roberts, J.M., Beach, M.J., and Roy, S.L., 2010, Causes of Outbreaks Associated with 
Drinking Water in the United States from 1971 to 2006: CLINICAL MICROBIOLOGY 
REVIEWS, v. 23, p. 507+, doi: 10.1128/CMR.00077-09. 
DAI, 2008, Liberia Environmental Threats and Opportunities Assessment (ETOA): Final Report 





deCaritat, P., 1996, Intensifying groundwater acidification at Birkenes, southern Norway (vol 
170, pg 47, 1995): JOURNAL OF HYDROLOGY, v. 174, p. 205. 
Desmarais, T.R., Solo-Gabriele, H.M., and Palmer, C.J., 2002, Influence of soil on fecal indicator 
organisms in a tidally influenced subtropical environment: APPLIED AND 
ENVIRONMENTAL MICROBIOLOGY, v. 68, p. 1165–1172, doi: 
10.1128/AEM.68.3.1165-1172.2002. 
Dirks, P., Blenkinsop, T., and Jelsma, H., 2003, The geological evolution of Africa: 
Edgar, R.C., 2010, Search and clustering orders of magnitude faster than BLAST: 
BIOINFORMATICS, v. 26, p. 2460–2461, doi: 10.1093/bioinformatics/btq461. 
Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., and Knight, R., 2011, UCHIME improves 
sensitivity and speed of chimera detection: BIOINFORMATICS, v. 27, p. 2194–2200, doi: 
10.1093/bioinformatics/btr381. 
Egozcue, J.J., Pawlowsky-Glahn, V., Mateu-Figueras, G., and Barcelo-Vidal, C., 2003, Isometric 
logratio transformations for compositional data analysis: MATHEMATICAL GEOLOGY, 
v. 35, p. 279–300, doi: 10.1023/A:1023818214614. 
van Elsas, J.D., Chiurazzi, M., Mallon, C.A., Elhottova, D., Kristufek, V., and Salles, J.F., 2012, 
Microbial diversity determines the invasion of soil by a bacterial pathogen: 
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED 
STATES OF AMERICA, v. 109, p. 1159–1164, doi: 10.1073/pnas.1109326109. 
Elster, D., Holman, I.P., Parker, A., and Rudge, L., 2014, An investigation of the basement 
complex aquifer system in Lofa county, Liberia, for the purpose of siting boreholes: 
QUARTERLY JOURNAL OF ENGINEERING GEOLOGY AND HYDROGEOLOGY, v. 
47, p. 159–167, doi: 10.1144/qjegh2013-068. 
Engle, M.A., Bern, C.R., Healy, R.W., Sams, J.I., Zupancic, J.W., and Schroeder, K.T., 2010, 
Tracking solutes and water from subsurface drip irrigation application of coalbed methane 
produced waters: GEOCHIMICA ET COSMOCHIMICA ACTA, v. 74, p. A268. 
Engle, M.A., and Rowan, E.L., 2014, Geochemical evolution of produced waters from hydraulic 
fracturing of the Marcellus Shale, northern Appalachian Basin: A multivariate 
compositional data analysis approach: INTERNATIONAL JOURNAL OF COAL 
GEOLOGY, v. 126, p. 45–56, doi: 10.1016/j.coal.2013.11.010. 
Engle, M.A., and Rowan, E.L., 2013, Interpretation of Na-Cl-Br Systematics in Sedimentary 
Basin Brines: Comparison of Concentration, Element Ratio, and Isometric Log-ratio 
Approaches: MATHEMATICAL GEOSCIENCES, v. 45, p. 87–101, doi: 10.1007/s11004-
012-9436-z. 
Fierer, N., and Jackson, R.B., 2006, The diversity and biogeography of soil bacterial 
communities: PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF 
THE UNITED STATES OF AMERICA, v. 103, p. 626–631, doi: 
10.1073/pnas.0507535103. 
Fiksdal, L., Maki, J.S., Lacroix, S.J., and Staley, J.T., 1985, SURVIVAL AND DETECTION OF 
BACTEROIDES SPP, PROSPECTIVE INDICATOR BACTERIA: APPLIED AND 
ENVIRONMENTAL MICROBIOLOGY, v. 49, p. 148–150. 
Filzmoser, P., 2015, StatDA: Statistical Analysis for Environmental Data: R package version 
1.6.9, https://cran.r-project.org/package=StatDA. 
Filzmoser, P., Hron, K., and Reimann, C., 2012, Interpretation of multivariate outliers for 
compositional data: COMPUTERS & GEOSCIENCES, v. 39, p. 77–85, doi: 
10.1016/j.cageo.2011.06.014. 
Filzmoser, P., Hron, K., and Reimann, C., 2009, Principal component analysis for compositional 
data with outliers: ENVIRONMETRICS, v. 20, p. 621–632, doi: 10.1002/env.966. 




Gallen, Switzerland: Rural Water Supply Network/SKAT Foundation, www.rural-water-
supply.net/en/resources/details/614. 
Gastineau, K., 2015, Hydrogeologic Controls on Groundwater Quality in the West Mamprusi 
Area, Northern Ghana: University of Nevada, Reno, doi: 1599979. 
Golder Associates, 2012, New Liberty Gold Mine (NLGM) Project ESIA - Hydrogeological 
Assessment:, doi: 10612898-11417-4. 
Gorchev, H.G., and Ozolins, G., 1984, WHO guidelines for drinking-water quality.: WHO 
chronicle, v. 38, p. 104–108, doi: 10.1016/S1462-0758(00)00006-6. 
Government of the Republic of Liberia [GoL], 2015, Water, Sanitation, & Hygiene (WASH) 
Sector Performance Report 2014.: 
Government of the Republic of Liberia [GoL], 2014, Water, Sanitation & Hygiene (WASH) 
Sector Performance Report 2013:, http://www.rural-water-
supply.net/_ressources/documents/default/1-582-3-1398151980.pdf. 
Guler, C., Thyne, G.D., McCray, J.E., and Turner, A.K., 2002, Evaluation of graphical and 
multivariate statistical methods for classification of water chemistry data: 
HYDROGEOLOGY JOURNAL, v. 10, p. 455–474, doi: 10.1007/s10040-002-0196-6. 
Hadden, R.L., 2006, The Geology of Liberia: a Selected Bibliography of Liberian Geology, 
Geography and Earth Science: 
Hallin, S., Jones, C.M., Schloter, M., and Philippot, L., 2009, Relationship between N-cycling 
communities and ecosystem functioning in a 50-year-old fertilization experiment: ISME 
JOURNAL, v. 3, p. 597–605, doi: 10.1038/ismej.2008.128. 
Hanson, P.J., Edwards, N.T., Garten, C.T., and Andrews, J.A., 2000, Separating root and soil 
microbial contributions to soil respiration: A review of methods and observations: 
BIOGEOCHEMISTRY, v. 48, p. 115–146, doi: 10.1023/A:1006244819642. 
Helsel, D., 2010, Much Ado About Next to Nothing: Incorporating Nondetects in Science: 
ANNALS OF OCCUPATIONAL HYGIENE, v. 54, p. 257–262, doi: 
10.1093/annhyg/mep092. 
Helsel, D.., and Hirsch, R.., 2002, Statistical Methods in Water Resources Techniques of Water 
Resources Investigations, in Book 4, U.S. Geological Survey, p. 522. 
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., and Jarvis, A., 2005, Very high resolution 
interpolated climate surfaces for global land areas: INTERNATIONAL JOURNAL OF 
CLIMATOLOGY, v. 25, p. 1965–1978, doi: 10.1002/joc.1276. 
Hou, W., Wang, S., Dong, H., Jiang, H., Briggs, B.R., Peacock, J.P., Huang, Q., Huang, L., Wu, 
G., Zhi, X., Li, W., Dodsworth, J.A., Hedlund, B.P., Zhang, C., et al., 2013, A 
Comprehensive Census of Microbial Diversity in Hot Springs of Tengchong, Yunnan 
Province China Using 16S rRNA Gene Pyrosequencing: PLOS ONE, v. 8, doi: 
10.1371/journal.pone.0053350. 
Huber, P.J., 1981, Robust Statistics: New York, John Wiley & Sons. 
HUQ, M.I., ALAM, A., BRENNER, D.J., and MORRIS, G.K., 1980, ISOLATION OF VIBRIO-
LIKE GROUP, EF-6, FROM PATIENTS WITH DIARRHEA: JOURNAL OF CLINICAL 
MICROBIOLOGY, v. 11, p. 621–624. 
JENKINSON, D.S., ADAMS, D.E., and WILD, A., 1991, MODEL ESTIMATES OF CO2 
EMISSIONS FROM SOIL IN RESPONSE TO GLOBAL WARMING: NATURE, v. 351, 
p. 304–306, doi: 10.1038/351304a0. 
Jollife, I.., 1986, Principal Component Analysis, in Encyclopedia of Statistics in Behavioral 
Science, John Wiley & Sons, p. 487. 
Katterer, T., Reichstein, M., Andren, O., and Lomander, A., 1998, Temperature dependence of 
organic matter decomposition: a critical review using literature data analyzed with different 





Kiehlbauch, J.A., Brenner, D.J., Nicholson, M.A., Baker, C.N., Patton, C.M., Steigerwalt, A.G., 
and Wachsmuth, I.K., 1991, CAMPYLOBACTER-BUTZLERI SP-NOV ISOLATED 
FROM HUMANS AND ANIMALS WITH DIARRHEAL ILLNESS: JOURNAL OF 
CLINICAL MICROBIOLOGY, v. 29, p. 376–385. 
Kromah, F., 1974, THE GEOLOGY AND OCCURRENCES OF IRON DEPOSITS IN LIBERIA 
AND THE IMPACT OF MINING ON THE ENVIRONMENT: Cornell University. 
Lachassange, P., Dewandel, B., and Wyns, R., 2013, Hydrology of Hard Rock Aquifers, in 
Handbook of Engineering Hydrology: Fundamentals and Applications, London, CRC Press. 
Ladel, J., NGUINDA, P., PANDI, A., KABOBO, Charles TANANIA TONDO, Blaise-Leandre 
SAMBO, G., and TELLRO-WAI, Nadji BULUKU, A., 2008, Integrated Water Resources 
Management in the Congo basin based on the development of Earth Observation monitoring 
systems in the framework of the AMESD Programme in Central Africa, in 13th World 
Water Congress, September 1-4, Montpellier, France, 
http://www.iwra.org/congress/resource/abs130_article.pdf. 
Langenegger, O., 1987, Groundwater quality : an important factor for selecting handpumps:, 
https://www.ircwash.org/resources/groundwater-quality-important-factor-selecting-
handpumps. 
Leila Kabiri-Badr, 2012, The use of Bacteroides Genetic Markers to Identify Microbial Sources 
in Natural Water: ARIZONA STATE UNIVERSITY. 
Liberia Institute of Statistics and Geo-Information Services (LISGIS), 2014, Liberia Land Cover 
Map: Monrovia, Liberia, Government of the Republic of Liberia. 
Lopaka, L., 2013, NADA: Nondetects And Data Analysis for environmental data: R package 
version 1.5-6, https://cran.r-project.org/package=NADA. 
Lytwyn, J., Burke, K., and Culver, S., 2006, The nature and location of the suture zone in the 
Rokelide orogen, Sierra Leone: Geochemical evidence: JOURNAL OF AFRICAN EARTH 
SCIENCES, v. 46, p. 439–454, doi: 10.1016/j.jafrearsci.2006.08.004. 
Ben Maamar, S., Aquilina, L., Quaiser, A., Pauwels, H., Michon-Coudouel, S., Vergnaud-
Ayraud, V., Labasque, T., Roques, C., Abbott, B.W., and Dufresne, A., 2015, Groundwater 
Isolation Governs Chemistry and Microbial Community Structure along Hydrologic 
Flowpaths: FRONTIERS IN MICROBIOLOGY, v. 6, doi: 10.3389/fmicb.2015.01457. 
MacDonald, A.M., 2005, Developing groundwater: a guide for rural water supply: ITDG Pub, 
358 p. 
MacDonald, A.M., and Davies, J., 2000, A brief review of groundwater for rural water supply in 
sub-Saharan Africa:, doi: WC/00/33. 
Martin, Y.P., and Bonnefont, J.L., 1990, Annual variations and identification of Vibrios growing 
at 37 degrees C in urban sewage, in mussels and in seawater at Toulon harbour 
(Mediterranean, France): Can. J. Microbiol., v. 36, p. 47–52. 
Mateu-Figueras, G., Pawlowsky-Glahn, V., and Egozcue, J.J., 2011, The principle of working on 
coordinates, in Compositional Data Analysis: Theory and Applications., Chichester UK, 
John Wiley & Sons, p. 31–42. 
Metcalf, R., and Stordal, L.O., 2010, A PRACTICAL METHOD FOR RAPID ASSESSMENT 
OF THE BACTERIAL QUALITY OF WATER: 
Nordstrom, Darrell Kirk and Plummer, L Niel and Wigley, TML and Wolery, TJ and BALL, 
JAMES W and Jenne, EA and Bassett, RL and Crerar, DA and Florence, TM and Fritz, B. 
and others, 1979, A comparison of computerized chemical models for equilibrium 
calculations in aqueous systems: ACS Publications. 
Nshimyimana, J.P., Ekklesia, E., Shanahan, P., Chua, L.H.C., and Thompson, J.R., 2014, 




indicators in an urban tropical catchment: JOURNAL OF APPLIED MICROBIOLOGY, v. 
116, p. 1369–1383, doi: 10.1111/jam.12455. 
Okansen, J., 2015, Multivariate analysis of ecological communities in R: vegan tutorial: R 
package version,. 
Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., Simpson, G., 
Solymos, P., Stevens, M., and Wagner, H., 2013, Vegan: community ecology package. R 
package version: R package version 2.0-8,. 
Otero, N., Tolosana-Delgado, R., Soler, A., Pawlowsky-Glahn, V., and Canals, A., 2005, Relative 
vs. absolute statistical analysis of compositions: A comparative study of surface waters of a 
Mediterranean river: WATER RESEARCH, v. 39, p. 1404–1414, doi: 
10.1016/j.watres.2005.01.012. 
Oxfam GB Liberia, 2003, Public Health assessment of peri-urban communities in Paynesville and 
Gardnersville.: 
Palarea-Albaladejo, J., and Antoni Martin-Fernandez, J., 2015, zCompositions - R Package for 
multivariate imputation of left-censored data under a compositional approach: 
CHEMOMETRICS AND INTELLIGENT LABORATORY SYSTEMS, v. 143, p. 85–96, 
doi: 10.1016/j.chemolab.2015.02.019. 
Pawlowciz, R., 2008, Calculating the conductivity of natural waters: Limnology and 
Oceanography: Methods, v. 6, p. 489–501. 
Piper, A.M., 1944, A graphic procedure in the geochemical interpretation of water-analyses: Eos, 
Transactions American Geophysical Union, v. 25, p. 914–928, doi: 
10.1029/TR025i006p00914. 
Planning group for Water Supply Systems in Liberia [PWL], 1978, Water Sector Study Part I: 
Liberia Excluding Monrovia Data Collection and Analysis Report on Ground Water 
Resources.: 
Ramamurthy, T., Ghosh, A., Pazhani, G.P., and Shinoda, S., 2014, Current perspectives on viable 
but non-culturable (VBNC) pathogenic bacteria: Front. Public Health, v. 2, doi: 
10.3389/fpubh.2014.00103. 
Reed, W.., 1951, Reconnaissance Soil Survey of Liberia: USDA Inf. Bull. 66,. 
Reimann, C., Filzmoser, P., and Garrett, R.G., 2002, Factor analysis applied to regional 
geochemical data: problems and possibilities: APPLIED GEOCHEMISTRY, v. 17, p. 185–
206, doi: 10.1016/S0883-2927(01)00066-X. 
Reimann, C., Filzmoser, P., Garrett, R.G., and Dutter, R., 2008, Statistical Data Analysis 
Explained: Applied Environmental Statistics with R: 1-343 p., doi: 
10.1002/9780470987605. 
Reimann, C., Filzmoser, P., Hron, K., Kynclova, P., and Garrett, R.., 2017, A new method for 
correlation analysis of compositional (environmental) data – a worked example: Elsevier, v. 
607–608, p. 965–971, doi: https://doi.org/10.1016/j.scitotenv.2017.06.063. 
Runkle, K., 2012, Evaluation of The Quality oF Drinking Water Sources and Obstancles to 
Potable Drinking Water in West Point and Suburban Monrovia, Liberia: Univeristy of 
Illinois at Springfield. 
Schallenberg, M., Bremer, P.J., Henkel, S., Launhardt, A., and Burns, C.W., 2005, Survival of 
Campylobacter jejuni in water: Effect of grazing by the freshwater crustacean Daphnia 
carinata (Cladocera): APPLIED AND ENVIRONMENTAL MICROBIOLOGY, v. 71, p. 
5085–5088, doi: 10.1128/AEM.71.9.5085-5088.2005. 
Schlüter, T., and Trauth, M.H., 2006, Geological atlas of africa: With notes on stratigraphy, 
tectonics, economic geology, geohazards and geosites of each country: New York; Berlin, 
Springer. 




elemental concentrations of groundwater in central Benin: Journal of Hydrology, v. 335, p. 
374–388, doi: 10.1016/j.jhydrol.2006.12.005. 
Snoeyink, V.L., and Jenkins, D., 1980, Water Chemistry: John Wiley & Sons. 
Solo-Gabriele, H.M., Wolfert, M.A., Desmarais, T.R., and Palmer, C.J., 2000, Sources of 
Escherichia coli in a coastal subtropical environment: APPLIED AND 
ENVIRONMENTAL MICROBIOLOGY, v. 66, p. 230–237. 
Stanturf, J.A., Goodrick, S., Stegall, C., and Williams, M., 2013, Liberia Climate Change 




Stiff, H.A.J., 1951, The Interpretation of Chemical Water Analysis by Means of Patterns: Journal 
of petroleum technology, v. 3, p. 15–17, doi: 10.2118/951376-G. 
Tan, B., Ng, C., Nshimyimana, J.P., Loh, L.L., Gin, K.Y.-H., and Thompson, J.R., 2015, Next-
generation sequencing (NGS) for assessment of microbial water quality: current progress, 
challenges, and future opportunities: FRONTIERS IN MICROBIOLOGY, v. 6, doi: 
10.3389/fmicb.2015.01027. 
Taylor, R., and Howard, K., 2000, A tectono-geomorphic model of the hydrogeology of deeply 
weathered crystalline rock: Evidence from Uganda: HYDROGEOLOGY JOURNAL, v. 8, 
p. 279–294, doi: 10.1007/s100400000069. 
Tee, W., Baird, R., Dyallsmith, M., and Dwyer, B., 1988, CAMPYLOBACTER-
CRYAEROPHILA ISOLATED FROM A HUMAN: JOURNAL OF CLINICAL 
MICROBIOLOGY, v. 26, p. 2469–2473. 
Thyne, G., Guler, C., and Poeter, E., 2004, Sequential analysis of hydrochemical data for 
watershed characterization: GROUND WATER, v. 42, p. 711–723, doi: 10.1111/j.1745-
6584.2004.tb02725.x. 
Tran, N.H., Gin, K.Y.-H., and Ngo, H.H., 2015, Fecal pollution source tracking toolbox for 
identification, evaluation and characterization of fecal contamination in receiving urban 
surface waters and groundwater: SCIENCE OF THE TOTAL ENVIRONMENT, v. 538, p. 
38–57, doi: 10.1016/j.scitotenv.2015.07.155. 
Uhl, V., Daw, A., and Baron, J., 2012, How a city gets its drinking water a case study - capital 
city of Monrovia, Liberia.:, http://www.vuawater.com/Case-Study-
Files/Urban_Groundwater_Based_WS/Liberia_Monrovia_Abstract_Final-2012.pdf. 
United Nations, 2007, United Nations Development Assistance Framework for Liberia 2008-
2012.: 
United Nations Environmental Programme, 2004, Desk Study on the Environment in Liberia: 
Geneva, Switzerland, United Nations Environmental Programme, 
http://postconflict.unep.ch/publications/Liberia_DS.pdf. 
USGS, 2004, Shuttle Radar Topography Mission: 
Vierheilig, J., Savio, D., Ley, R.E., Mach, R.L., Farnleitner, A.H., and Reischer, G.H., 2015, 
Potential applications of next generation DNA sequencing of 16S rRNA gene amplicons in 
microbial water quality monitoring: WATER SCIENCE AND TECHNOLOGY, v. 72, p. 
1962–1972, doi: 10.2166/wst.2015.407. 
Wahl, R.R., 2007, Geologic, Geophysical and Mineral Localities Map of Liberia: A Digital 
Compilation.: 
Wall, V., Kreger, A., and Richardson, S., 1984, Production and partial characterization of a 
Vibrio fluvialis cytotoxin: Infect. Immun., v. 46, p. 773–777. 
Wang, Q., Garrity, G.M., Tiedje, J.M., and Cole, J.R., 2007, Naive Bayesian classifier for rapid 




ENVIRONMENTAL MICROBIOLOGY, v. 73, p. 5261–5267, doi: 10.1128/AEM.00062-
07. 
Wexler, H.M., 2007, Bacteroides: the good, the bad, and the nitty-gritty: CLINICAL 
MICROBIOLOGY REVIEWS, v. 20, p. 593+, doi: 10.1128/CMR.00008-07. 
White, R.W., 1969, Sedimentary Rocks of The Coast of Liberia: U.S Geological Survey,. 
Wilson, S.T.K., Wang, H., Kabenge, M., and Qi, X., 2017, The mining sector of Liberia: current 
practices and environmental challenges: Environmental Science and Pollution Research, p. 
1–10. 
World Bank, 2014, Climate Change Knowledge Portal 2.0:, 
http://sdwebx.worldbank.org/climateportal (accessed March 2015). 
World Health Organization [WHO], 2011, Guidelines for Drinking-water Quality, 4th Ed.: , p. 
541. 
World Health Organization [WHO], and UNICEF, 2015, Progress on sanitation and drinking 
water–2015 update and MDG assessment.: 
Wright, E.., 1992, The hydrogeology of crystalline basement aquifers in Africa (BurgessW.G, 
Ed.): London, The Geological Society of London Special Publication No. 66. 
Wright, J.B., Hastings, D.A., and H.R., W., 1985, Geology and Mineral Resources of West 
Africa: London, George Allen & Unwin Ltd. 
Xu, H., Caramanis, C., and Sanghavi, S., 2012, Robust PCA via Outlier Pursuit: IEEE 
TRANSACTIONS ON INFORMATION THEORY, v. 58, p. 3047–3064, doi: 
10.1109/TIT.2011.2173156. 
Xun, Z., Ye, S., Hua, Z., Chao, S., Jingwei, L., and Yan, L., 2015, Hydrochemistry of the natural 
low pH groundwater in the coastal aquifers near Beihai, China: JOURNAL OF OCEAN 
UNIVERSITY OF CHINA, v. 14, p. 475–483, doi: 10.1007/s11802-015-2631-z. 
Yidana, S.M., Banoeng-Yakubo, B., Aliou, A., and Akabzaa, T.M., 2012, Groundwater quality in 
some Voltaian and Birimiam aquifers in northern Ghana- application of multivariate 
statistical methods and geographic information systems: Hydrological Sciences Journal, v. 
57, p. 1168–1183. 
Yidana, S.M., Ophori, D., and Banoeng-Yakubo, B., 2008, Hydrogeological and hydrochemical 
characterization of the Voltaian Basin: the Afram Plains area, Ghana: Environmental 
Geology, v. 53, p. 213–1223. 
